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SUMMARY 
An e l e c t r o n i c s f i r m b a s e d i n F l o r i d a u t i l i z e s an e x t e n s i v e i s y s t e m 
o f t e l e c o m m u n i c a t i o n s o f which an i n t e g r a l p a r t i s t h e Wide Area T e l e ­
phone S e r v i c e . WATS i s a sys tem o f f e r e d by t h e Telephone Company which 
a l l o w s d i r e c t a c c e s s t o t o l l ( l o n g d i s t a n c e ) f a c i l i t i e s through l e a s e d 
l i n e s , r a t e d by t h e d i s t a n c e o r zones they c o v e r . The purpose o f t h i s 
s t u d y i s t o i n v e s t i g a t e t h e sy s t em ,and mix o f WATS l i n e s t o f i n d i f 
ano ther mix o f l i n e s might p r o v i d e t h e same o r b e t t e r s e r v i c e a t a 
reduced c o s t t o t h e company. 
A c c e s s t o t h e WATS l i n e s i s made by p l a c i n g a c a l l r e q u e s t w i th 
a s w i t c h b o a r d o p e r a t o r . I f t h e proper zone l i n e i s n o t a v a i l a b l e , t h e 
c a l l r e q u e s t i s p l a c e d i n queue b e f o r e t h e d e s i r e d zone l i n e s on a f i r s t -
i n - f i r s t - o u t b a s i s . A sys tems usage p o l i c y was i n t r o d u c e d which s t a t e d 
t h a t a c a l l r e q u e s t would be h e l d i n queue u n t i l ( 1 ) a p r o p e r l i n e became 
a v a i l a b l e , o r ( 2 ) t h e w a i t i n g t ime had reached a s p e c i f i e d maximum d e l a y 
t i m e . In t h e second c a s e a s earch i s made f o r any a v a i l a b l e h i g h e r 
ranked WATS l i n e b e f o r e t h e c a l l i s p l a c e d o v e r r e g u l a r t o l l f a c i l i t i e s . 
T o t a l c o s t o f t h e WATS sys tem i s t h e sum o f t h e l e a s e c o s t s o f t h e v a r i ­
ous l i n e s p l u s t h e c o s t o f t h e t o l l c a l l s o v e r f l o w i n g t h e WATS s y s t e m . 
Queueing and T e l e t r a f f i c t h e o r y have been used t o a n a l y z e v a r i ­
ous s i t u a t i o n s i n v o l v e d i n t h i s problem. P. J . Burke ( u n p u b l i s h e d ) 
d e r i v e d formulas t o c a l c u l a t e t h e c o s t s o f d i f f e r e n t mixes o f f u l l and 
measured r a t e WATS l i n e s by u s i n g the p r i n c i p l e s o f o v e r f l o w and t h e 
E r l a n g Loss Formula. However, due t o t h e rank ing o f t h e WATS l i n e s and 
v i i i 
t h e maximum d e l a y t i m e p o l i c y , i t was determined t h a t s i m u l a t i o n o f t h e 
sys tem would be the b e s t approach t o a s o l u t i o n . 
Data used t o s i m u l a t e c a l l a r r i v a l p a t t e r n s and h o l d i n g t imes on 
c a l l s were o b t a i n e d from the company under s t u d y . D i s t r i b u t i o n o f b o t h 
t h e i n t e r - a r r i v a l t i m e s and h o l d i n g t i m e s was e x p o n e n t i a l . The s i m u l a ­
t i o n was w r i t t e n i n GPSS I I and run on a UNIVAC 1 1 0 8 computer . Each run 
s i m u l a t e d t h r e e days ( 8 a . m . - 5 p . m . ) o f o p e r a t i o n . Seven d i f f e r e n t WATS 
l i n e , mixes were t e s t e d a g a i n s t two maximum d e l a y t ime l e v e l s and t h e 
number o f t o l l c a l l s g e n e r a t e d by each combinat ion was used t o compute 
t h e a s s o c i a t e d monthly t o l l c o s t s . The s i m u l a t i o n program a l s o p r i n t e d 
out d a t a on average t ime i n q u e u e , average u t i l i z a t i o n o f t h e WATS l i n e s , 
number o f pending c a l l r e q u e s t s , and o t h e r i n f o r m a t i o n u s e f u l i n e v a l u ­
a t i n g t h e l e v e l o f s e r v i c e p r o v i d e d by each l i n e mix . 
The r e s u l t s o f t h e s tudy show t h a t l i n e mix D ( 0 2 2 3 0 4 ) b e s t meets 
t h e requ irements o f minimal c o s t o f o p e r a t i o n w h i l e m a i n t a i n i n g an 
a c c e p t a b l e l e v e l o f s e r v i c e . T o t a l monthly c o s t o f Mix D w i t h maximum 
d e l a y t ime o f 15 minutes i s e s t i m a t e d a t $ 2 1 , 9 0 4 . 0 0 . T o l l c o s t s a s s o c i ­
a t e d w i t h the 2 0 - m i n u t e maximum d e l a y t ime were p r o j e c t e d t o be $ 5 5 4 . 0 0 
p e r month lower than t h e MDT o f 15 m i n u t e s , w h i l e t h e d i f f e r e n c e i n 
average w a i t i n g t ime was l e s s than two m i n u t e s . Study o f t h e sys tem 
o v e r a p e r i o d o f t ime r e v e a l e d a changing p a t t e r n o f c a l l i n g h a b i t s 
which f u r t h e r s u p p o r t s t h e recommendation o f p e r i o d i c a n a l y s i s o f t h e 




Statement o f t h e O b j e c t i v e s 
A F l o r i d a - b a s e d e l e c t r o n i c s f i r m u t i l i z e s an e x t e n s i v e t e l e c o m ­
munica t ions s y s t e m f o r b u s i n e s s c o n t a c t s throughout t h e Un i t ed S t a t e s . 
An impor tant p a r t o f t h i s f i r m ' s t e l e c o m m u n i c a t i o n s network i s t h e Wide 
Area Telephone S e r v i c e (WATS) l e a s e d from Southern B e l l Telephone and 
Te l egraph Company. F u l l WATS p r o v i d e s what might be c o n s i d e r e d a p a c k ­
age p l a n f o r l o n g d i s t a n c e s e r v i c e . For a f i x e d charge p e r month, un­
l i m i t e d l o n g d i s t a n c e c a l l s can be made w i t h i n a d e s i g n a t e d a r e a as w e l l 
as i n a l l l o w e r r a t e d a r e a s . The Uni ted S t a t e s i s d i v i d e d i n t o s i x 
somewhat c o n c e n t r i c zones s p e c i f i e d by t h e i r d i s t a n c e from t h e s o u r c e , 
and c o n t a i n i n g r o u g h l y the same number o f t e l e p h o n e s . For i n s t a n c e , t h e 
c a l l i n g a r e a , from F l o r i d a , f o r Zone 1 i n c l u d e s seven s o u t h e a s t e r n 
s t a t e s ( L o u i s i a n a , M i s s i s s i p p i , Alabama, G e o r g i a , North C a r o l i n a , South 
C a r o l i n a , T e n n e s s e e ) , w h i l e a Zone 6 l i n e can a c c e s s any s t a t e i n t h e 
country ( s e e F igure 1 ) . 
The mix o f WATS l i n e s ( s i x Zone 6 and f i v e Zone 4 ) p r e s e n t l y 
l e a s e d by t h e company and i t s sy s t em o f usage i s no t c o n s i d e r e d o p t i m a l 
f o r e i t h e r economy o r s e r v i c e . The o b j e c t i v e o f t h i s s t u d y , t h e r e f o r e , 
t 
i s t o de termine a good mix o f WATS l i n e s f o r t h e company, and a l s o t o 
A good mix i s one i n which c o s t i s h e l d t o an a c c e p t a b l e l e v e l 
w h i l e a t t h e same t ime s e r v i c e performance f o r t h e u s e r i s h i g h . 
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Figure 1. I n t e r s t a t e WATS Zones f o r t h e S t a t e o f F l o r i d a 
3 
recommend a s y s t e m a t i c approach t o e f f i c i e n t a c c e s s and usage p o l i c i e s 
f o r t h e s e l i n e s . 
Importance o f t h e Problem 
In t h i s modern e r a o f r a p i d l y expanding communications f a c i l i t i e s 
and networks , keep ing up w i t h communicat ions p r o g r e s s and a v a i l a b l e 
s e r v i c e s has become e s s e n t i a l f o r companies t h a t r e l y on customer con­
t a c t . The t e l e p h o n e ca l l , has; a l l b u t r e p l a c e d t h e t r a d i t i o n a l l e t t e r 
as a means o f communicat ion , p a r t i c u l a r l y when speed o f d e l i v e r y i s 
i m p o r t a n t . F u r t h e r , w h i l e t h e c o s t o f a b u s i n e s s l e t t e r i s r i s i n g , l o n g 
d i s t a n c e t e l e p h o n e s e r v i c e c o s t s a r e d r o p p i n g . D a r t n e l l I n s t i t u t e o f 
Bus ines s Research has p l a c e d t h e c o s t o f a b u s i n e s s l e t t e r i n 1 9 7 2 a t 
$ 3 . 2 0 , showing an i n c r e a s e o f n e a r l y 75 p e r cent s i n c e 1 9 6 0 , when the 
t 
c o s t was $ 1 . 8 3 p e r l e t t e r . During t h i s same p e r i o d ( 1 9 6 0 - 1 9 7 2 ) t h e 
t t 
c o s t o f l o n g d i s t a n c e s e r v i c e has d e c r e a s e d a p p r o x i m a t e l y 10 p e r c e n t . 
The advantages o f i n s t a n t l o n g d i s t a n c e t e l e p h o n e communication have 
become even g r e a t e r due t o computer d a t a t r a n s m i s s i o n and development 
o f methods t o reproduce p r i n t e d m a t e r i a l o v e r a t e l e p h o n e h o o k - u p . 
The company under s t u d y has been very c o n s c i o u s o f i t s need f o r 
an e f f e c t i v e t e l e c o m m u n i c a t i o n s s y s t e m . To t h i s e n d , t h e y have s t r e s s e d 
s e r v i c e a b i l i t y o f t h e i r s y s t e m above c o s t , and p r e s e n t l y t h e y a r e 
t 
Southern B e l l N o t e s , J u l y , 1 9 7 2 . 
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Mr. Lawrence H. B r i c e o f t h e Southern B e l l Telephone Company 
( A t l a n t a Area O f f i c e ) r e p o r t e d t h a t " s i n c e 1 9 6 0 , t h e d o l l a r amount o f 
revenue i n Georg ia f o r i n t r a s t a t e l o n g d i s t a n c e c a l l s i s a p p r o x i m a t e l y 
10 p e r cent l e s s than i t would be i f t h e r e had been no r a t e d e c r e a s e . 
This same p e r c e n t a g e a p p l i e s g e n e r a l l y t o i n t e r s t a t e t o l l c a l l revenue 
a l s o " ( 9 / 7 / 7 2 ) . 
4 
spend ing i n e x c e s s o f $ 1 , 0 0 0 , 0 0 0 a y e a r f o r t e l e p h o n e s e r v i c e . T h e i r 
WATS sys t em a l o n e c o s t s o v e r $ 2 1 , 0 0 0 a month f o r t h e s i x Zone 6 and 
f i v e Zone 4 u n l i m i t e d usage l i n e s . 
Not o n l y i s i t important f o r t o d a y ' s companies t o have g o o d , 
u p - t o - d a t e communications s y s t e m s — t h e y must a l s o keep a c o n s t a n t eye 
on c a p i t a l o u t l a y . The c o s t o f expans ion has been g i v e n major a t t e n t i o n 
i n r e c e n t y e a r s due t o the c o s t o f money. Too o f t e n a company has con­
cerned i t s e l f w i t h t h e c o s t o f expans ion and o v e r l o o k e d t h e method o f 
e x p a n s i o n . As a r e s u l t many companies have f o l l o w e d a p a t t e r n o f "add­
on" growth: when expans ion became n e c e s s a r y , t h e e x i s t i n g f a c i l i t i e s 
were s i m p l y " a d d e d - o n - t o . " U n f o r t u n a t e l y , t h e i n a d e q u a c i e s o f an o r i g i ­
n a l scheme w i l l , i n many c a s e s , be a m p l i f i e d i f i t i s s i m p l y e n l a r g e d , 
and t h e consequent i n e f f i c i e n c y means l o s t d o l l a r s . 
In r e g a r d t o the problem a t h a n d , i t appears t h a t t h e number o f 
i n t e r s t a t e WATS l i n e s l e a s e d by t h e company has been i n c r e a s e d i n an 
"add-on" f a s h i o n t o take care o f e x t r a c a l l i n g volume and t o reduce 
w a i t i n g t ime f o r a l i n e , w i t h o u t e x t e n s i v e s t u d y o f the WATS s y s t e m . 
S t u d i e s o f t h e e x i s t i n g t e l e c o m m u n i c a t i o n s network must be i n i t i a t e d by 
t h e company i t s e l f s i n c e t h e Telephone Company has no a n a l y t i c a l method 
f o r u p - d a t i n g an e x i s t i n g WATS s y s t e m . The o n l y computer program t h e 
Telephone Company (Southern B e l l ) uses i n c o n n e c t i o n wi th WATS s e r v i c e 
i s one which de termines e x p e c t e d volume o f t r a f f i c f o r Inward WATS 
l i n e s . (As i m p l i e d by t h e name, Inward WATS s e r v i c e p r o v i d e s t o l l - f r e e 
l o n g d i s t a n c e s e r v i c e t o t h o s e p e r s o n s d i a l i n g into t h e s y s t e m . An 800 
Area Code i n d i c a t e s Inward WATS s e r v i c e . ) Even t h i s program i s l i m i t e d 
5 
t o a n a l y z i n g data f o r a proposed s y s t e m , and i s used o n l y as a p r e c a u -
t 
t i o n a g a i n s t o v e r l o a d i n g - t r u n k i n g equipment i n a C e n t r a l O f f i c e . As 
f o r Outward WATS, which i s t h e concern o f t h i s s t u d y , t h e r e i s no com­
p u t e r program o r a n a l y t i c a l method used by t h e Telephone Company t o 
determine the bes t , number and mix o f l i n e s . S u g g e s t i o n o f a s u i t a b l e 
WATS mix i s .a judgment d e c i s i o n done on a r u l e - o f - t h u m b b a s i s . I t 
i n c l u d e s no a n a l y t i c a l r ev i ew o f c a l l volume t o p a r t i c u l a r a r e a s , i n t e r -
a r r i v a l t i m e s , company p o l i c i e s on d e l a y t i m e s , e t c . , and how t h e s e 
f a c t o r s i n t e r a c t . 
In order to treat t h i s system, guidelines for usage o f the WATS 
l i n e s had t o be p r e d e t e r m i n e d . The company under s tudy has s e t up 
p o l i c i e s on c a l l p r i o r i t i e s and procedures f o r c o m p l e t i n g c a l l s , b u t , 
f o r e x a m p l e , a s p e c i f i c mandatory d e l a y t ime b e f o r e t h e c a l l can go out 
on a t o l l l i n e , which would h e l p r e g u l a t e t h e number o f t o l l c a l l s , has 
n e v e r been i n i t i a t e d . This has caused b o t h e x c e s s i v e d e l a y , f o r t h o s e 
w i thout s u f f i c i e n t p r i o r i t y , and premature t o l l c a l l s , n e i t h e r i n d i c a ­
t i v e o f an o p t i m a l sy s t em. 
In c o n c l u s i o n , t h e importance o f t h i s problem l i e s i n t h e f a c t 
t h a t companies cannot o v e r l o o k such "overhead" o r e x p e c t e d c o s t s as 
t e l e p h o n e s e r v i c e when d e a l i n g w i t h expense c o n t r o l s , n o r s h o u l d t h e y 
f a i l t o a n a l y z e t h e sys tems a s p e c t s o f such a c o s t l y s e r v i c e b e f o r e 
s imply e n l a r g i n g i t . In a d d i t i o n , sys tem e f f e c t i v e n e s s i s o f t e n d e t e r ­
mined by t h e company p o l i c y r e g u l a t i n g i t s u s e . I t i s , t h e r e f o r e , 
P e r s o n a l communication w i t h Mr. Don J o n e s , Market ing Department , 
Southern B e l l Telephone Company, A t l a n t a , G e o r g i a , 8 / 2 5 / 7 2 . 
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impor tant f o r company p o l i c y t o be f o r m u l a t e d and implemented . 
Scope and L i m i t a t i o n s 
For purposes o f t h i s t h e s i s , t h e scope o f t h e problem o f r e d u c i n g 
t e l e c o m m u n i c a t i o n s expense has been l i m i t e d t o d e t e r m i n i n g t h e " o p t i m a l " 
i n t e r s t a t e WATS l i n e mix f o r t h e p a r t i c i p a t i n g company. Thi s i s accom­
p l i s h e d by c o n s i d e r i n g enumerated f e a s i b l e l e v e l s f o r l i n e a v a i l a b i l i t y , 
u s a g e , and c o s t . The model b e i n g d e s i g n e d f o r t h i s p a r t i c u l a r f i r m i n ­
v o l v e s a sys tems usage p o l i c y , d e f i n e d by t h e author and concurred i n 
by t h e company, r t h a t becomes the major l i m i t a t i o n o f t h i s s i m u l a t i o n . 
O t h e r w i s e , by changing t h e c a l l r a t e p a r a m e t e r s , t h i s s i m u l a t i o n model 
s h o u l d be g e n e r a l l y a p p l i c a b l e . . B r i e f l y , the p o l i c y o f sys tems usage 
s t a t e s t h a t , whenever p o s s i b l e , a l o n g d i s t a n c e c a l l s h o u l d go out on a 
l i n e o f i t s f i r s t c h o i c e WATS z o n e , i . e . t h e l o w e s t r a t e d zone t h a t w i l l 
c a r r y t h e c a l l . I f w i t h i n a s p e c i f i e d maximum d e l a y t ime t h e c a l l i s 
no t c o m p l e t e d , t h e c h o i c e s are t o use a h i g h e r r a t e d l i n e , i f a v a i l a b l e , 
o r t o use a t o l l l i n e . In any c a s e , the p l a c i n g o f t h e c a l l w i l l not 
be d e l a y e d l o n g e r than t h e maximum d e l a y t i m e , n o r w i l l t h e c a l l be 
t 
p l a c e d on a t o l l l i n e b e f o r e t h i s maximum d e l a y t i m e i s r e a c h e d . 
Thi s i s no t t h e e x a c t sys tem o f usage p r e s e n t l y employed by t h e 
company under s t u d y , and c o n s e q u e n t l y t h e s i m u l a t i o n i s n o t an e x a c t 
s i m u l a t i o n o f e x i s t i n g o p e r a t i o n s . However, i t was f e l t t h a t by d e f i n ­
i n g a p r a c t i c a b l e p o l i c y f o r t o l l c a l l s p i l l - o v e r , as i s c o n t a i n e d i n 
t . 
S p e c i a l e x c e p t i o n t o t h i s p o l i c y would be t h e e s t i m a t e d f i v e 
c a l l s p e r day t h a t are o f h i g h p r i o r i t y and are p l a c e d immedia te ly on 
WATS, i f a v a i l a b l e , or T o l l . 
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t h e s i m u l a t i o n , t h e r e would be an i n c r e a s e d p r o b a b i l i t y o f forming and 
t e s t i n g a sys tem o f WATS communication d e s i r a b l e i n terms o f economy 
and s e r v i c e . 
The s t a n d a r d s o f t h e recommended p o l i c y , which were s u g g e s t e d by 
Mr. C. G. S i e g e r , Te lecommunicat ions C o o r d i n a t o r o f Reynolds M e t a l s 
Company, are s i m p l e t o f o l l o w , and t h e y guarantee c o m p l e t i o n o f a c a l l 
w i t h i n a s p e c i f i e d i n t e r v a l . Under t h e p r i o r i t y - g o v e r n e d p o l i c y now i n 
e f f e c t a t the company, some c a l l s are d e l a y e d t h r e e hours o r more , w h i l e 
o t h e r s go out on t o l l l i n e s w i th l i t t l e o r no d e l a y . The i d e a b e h i n d 
p r i o r i t y i s t o reduce d e l a y t ime on a c a l l f o r t h e p r i o r i t y c a l l e r . 
The premise u n d e r l y i n g a maximum d e l a y t ime p o l i c y i s t h a t a l m o s t any 
c a l l e r can a f f o r d t o w a i t up t o a r e a s o n a b l e maximum d e l a y t i m e , knowing 
t h a t h i s c a l l w i l l be p l a c e d w i t h i n t h a t t i m e . I f i t i s urgent t h a t t h e 
c a l l be p l a c e d i m m e d i a t e l y , t h i s can be d o n e , e i t h e r on WATS o r on T o l l 
t 
l i n e s , bu t t h e e s t i m a t e d f i v e such c a l l s p e r day would no t be s u f f i ­
c i e n t t o a f f e c t t h e g e n e r a l p o l i c y . 
An a d d i t i o n a l advantage t o be g a i n e d by u s i n g a maximum d e l a y 
t i m e (MDT) p o l i c y i s a r e d u c t i o n o f t h e o p e r a t o r t i m e w a s t e d i n t r y i n g 
t o l o c a t e a c a l l e r once a l i n e i s s e c u r e d f o r h i s c a l l . Knowing t h a t 
h i s r e q u e s t f o r a l o n g d i s t a n c e c a l l w i l l be met w i t h i n a s e t amount o f 
t i m e , a c a l l e r i s much l e s s l i k e l y t o be u n a v a i l a b l e dur ing t h a t t i m e , 
thus making t h e o p e r a t o r ' s j o b more e f f i c i e n t . In t u r n , t h e o p e r a t o r s 
p r o v i d e t h e means f o r queuing t h e c a l l r e q u e s t s which g i v e s r i s e t o a 
f 
E s t i m a t e p r o v i d e d by management p e r s o n n e l as a "bes t o p i n i o n " 
e s t i m a t e . 
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sy s t em o f s e q u e n t i a l c a l l s . WATS i s most e c o n o m i c a l l y e f f e c t i v e o n l y 
when r e q u e s t s f o r l i n e s are s e q u e n t i a l , as s t a t e d by N o r d l i n g ( 9 ) . 
The major d e c i s i o n v a r i a b l e b e i n g c o n s i d e r e d f o r i t s e f f e c t i s 
t h e number o f l i n e s l e a s e d f o r p a r t i c u l a r WATS z o n e s , t h a t i s , t h e "mix" 
o f WATS l i n e s . The program has been s t r u c t u r e d s o t h a t p o l i c i e s which 
a l l o w ( a ) d i f f e r e n t s p e c i f i e d maximum d e l a y t i m e s and ( b ) a d i r e c t 
a c c e s s c a p a b i l i t y t o t h e WATS l i n e s by some c a l l e r s can be s i m u l a t e d t o 
s tudy t h e i r e f f e c t . The d i r e c t a c c e s s f e a t u r e i s p r e s e n t l y i n use a t 
the company, b u t i f t h e s i m u l a t i o n i n d i c a t e s t h a t i t i s n o t n e c e s s a r y , 
or t h a t i t compromises sy s t em e f f e c t i v e n e s s , t h e f e a t u r e can be made 
a v a i l a b l e o n l y a f t e r t h e s w i t c h b o a r d c l o s e s . Except f o r t r e a t i n g t h e 
d i r e c t a c c e s s a s p e c t , t h e i n t r i c a c i e s o f c a l l p r i o r i t i e s are no t con­
s i d e r e d i n t h i s s i m u l a t i o n . A l s o , r e q u e s t s t h a t c a l l s be comple ted a t 
a p a r t i c u l a r t i m e i n t h e f u t u r e are no t i n c l u d e d : c a l l r e q u e s t s a r e 
assumed t o be made a t t h e t ime t h e c a l l e r s wish t o complete t h e i r c a l l s . 
In t h e o r i g i n a l h a n d l i n g o f t h i s problem (by G. Sharp and E . 
S t a n s e l l ) a g r e a t d e a l o f t h e emphasis was p l a c e d on t h e r o l e o f t h e 
s w i t c h b o a r d o p e r a t o r , i . e . , how l o n g she s p e n t on each c a l l r e q u e s t , who 
got t h e t i c k e t s f o r which c a l l s , e t c . In t h i s s tudy t h e author f e e l s 
t h a t t h e a c t u a l mix o f t h e l i n e s s h o u l d n o t be a f f e c t e d by t h e o p e r a t i n g 
procedures as l o n g as t h e c a l l r e q u e s t s are handled e f f i c i e n t l y . The 
company f e e l s t h a t t h e s e r v i c e t h e y have been r e c e i v i n g from t h e s e 
o p e r a t o r s i s s a t i s f a c t o r y . The problem as d e f i n e d does n o t c o n s i d e r 
t h e human f a c t o r s o f o p e r a t i n g p r a c t i c e s , n o r does i t c o n s i d e r v a r y i n g 
t h e number o f o p e r a t o r s . 
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I t i s i n t e r e s t i n g t o n o t e t h a t , a c c o r d i n g t o AT&T m a t e r i a l ( 2 ) on 
o p e r a t o r e f f i c i e n c y , t h e down-time ( t ime when an o p e r a t o r ( o r l i n e ) i s 
i d l e ) n e c e s s a r y t o p r o v i d e f o r t h e peaks and v a l l e y s o f c a l l a r r i v a l 
d i s t r i b u t i o n s i n c r e a s e s c o n s i d e r a b l y as t h e o p e r a t i n g s t a f f grows s m a l ­
l e r . For an o p e r a t i n g s t a f f o f f i v e , an average down-time o f 30 p e r 
cent must be p r o v i d e d t o i n s u r e good s e r v i c e . For much l a r g e r groups o f 
o p e r a t o r s , t h e b e s t average p e r c e n t a g e o f e f f i c i e n c y peaks a t 92 p e r 
c e n t , o r 8 per cent down-t ime. I f " e f f i c i e n c y " runs much h i g h e r , 
f a t i g u e causes a slowdown i n o p e r a t o r s e r v i c e , f i n a l l y c a u s i n g a l o s s 
in e f f i c i ency . The f a t i g u e f a c t o r e x p l a i n s why t h e o p e r a t i n g s t a f f a t 
t h e company can make up f o r one o p e r a t o r b e i n g on break o r lunch ( a 
s h o r t p e r i o d o f t i m e ) b u t cannot o p e r a t e w e l l under t h o s e c o n d i t i o n s 
c o n t i n u o u s l y . 
The computer s i m u l a t i o n model has been p lanned t o be as s i m p l e 
and s t r a i g h t f o r w a r d as p o s s i b l e . Due t o t h e t y p e o f d a t a g a t h e r e d , 
g r e a t e r c o m p l e x i t y would o n l y i n v o l v e u n c e r t a i n t y , i . e . p r o b a b i l i t i e s 
o f persons do ing t h i s o r t h a t . T h u s , i t was f e l t t h a t s i m p l i c i t y would 
enhance t h e u s e f u l n e s s o f t h e s i m u l a t i o n program. 
Method o f Approach 
A Monte C a r l o s i m u l a t i o n o f t h e sys tem was d e v e l o p e d t o compare 
t h e v a r i o u s a l t e r n a t i v e s v i a the s i m u l a t i o n output d a t a . G e n e r a l Pur­
pose Systems S i m u l a t o r I I (GPSS I I ) was t h e s i m u l a t i o n l anguage ( 1 7 ) 
and t h e program was run on t h e UNIVAC 1 1 0 8 computer a t t h e Rich E l e c ­
t r o n i c Computer Center a t G e o r g i a Tech . Data used i n t h e s i m u l a t i o n 
were p r o v i d e d by t h e company, and i n c l u d e d i n t e r a r r i v a l t i m e s , a r e a s 
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c a l l e d , and c a l l h o l d i n g t i m e s . Both i n t e r a r r i v a l t imes and h o l d i n g 
t i m e s were e x p e c t e d t o be e x p o n e n t i a l l y d i s t r i b u t e d i n keep ing w i t h most 
l i t e r a t u r e on t h e s u b j e c t . Conformi ty t e s t s ( s e e Appendix B) on t h e 
a c t u a l d i s t r i b u t i o n o f c a l l d a t a showed t h a t i t indeed f o l l o w e d t h e 
e x p o n e n t i a l d e n s i t y . 
S i m u l a t i o n o f t h e t e l e c o m m u n i c a t i o n s sys tem from c a l l g e n e r a t i o n 
t o c a l l comple t ion was used t o p r o v i d e output data on d e l a y t i m e s , WATS 
l i n e u t i l i z a t i o n , and o c c u r r e n c e o f t o l l c a l l s . For each run t h e m a x i ­
mum d e l a y t i m e , as d e f i n e d by t h e sys tem usage p o l i c y , and t h e l i n e mix 
were varied so that each line mix was run with each maximum d e l a y t ime 
p o s s i b i l i t y . A q u a s i - s m o o t h i n g p r o c e s s was used i n p a r t t o de termine 
t h e s u c c e s s i v e l i n e mix a l t e r n a t i v e s t o be s i m u l a t e d s i n c e p r e c e d i n g 
output d a t a gave c l u e s as t o which areas needed r e i n f o r c e m e n t . To check 
f o r random e r r o r , each mix was s i m u l a t e d f o r t h r e e d a y s , which i n e f f e c t 
caused the program t o be run wi th a d i f f e r e n t random number s e e d t h r e e 
t i m e s . The s i m u l a t i o n runs f o r t h e o r i g i n a l mix o f f i v e Zone 4- and s i x 
Zone 6 l i n e s were f u r t h e r v a l i d a t e d by comparison w i t h r e a l d a t a on 
average number o f c a l l s p l a c e d by zone p e r day . 
The l i n e mix a l t e r n a t i v e s were compared i n terms o f t h e impor­
t a n t v a r i a b l e s — f i x e d c o s t , t o l l c a l l o c c u r r e n c e s and c o s t , l i n e u t i l i ­
z a t i o n , average d e l a y t i m e s , e t c . The l i n e mix y i e l d i n g minimal c o s t , 
where t o t a l c o s t i s t h e sum o f t h e l i n e l e a s e c o s t s and the e x p e c t e d 
t o l l c a l l c o s t s , w h i l e r e t a i n i n g d e s i r a b l e s e r v i c e a b i l i t y s t a n d a r d s , was 
determined f o r b o t h maximum d e l a y t ime a l t e r n a t i v e s . 
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T e l e t r a f f i c Theory 
The f o u n d a t i o n s o f t e l e t r a f f i c t h e o r y and c o n s e q u e n t l y queueing 
t h e o r y were l a i d by A. K. E r l a n g , a Danish m a t h e m a t i c i a n , e a r l y i n t h i s 
c e n t u r y . At t h a t t ime t h e t e c h n o l o g i c a l development o f t h e a u t o m a t i c 
t e l e p h o n e exchanges r e q u i r e d t h e use o f p r o b a b i l i t y t h e o r y t o de termine 
t h e number o f t e l e p h o n e l i n e s between t h e c e n t r a l o f f i c e s t h a t would 
a f f o r d r e a s o n a b l e s e r v i c e t o t h e customers ( 4 , p . 1 5 9 ) . E r l a n g ' s f i r s t 
p a p e r , which appeared i n 1 9 1 7 , i n t r o d u c e d methods by which he c o u l d 
Obta in t h e p r o b a b i l i t i e s o f d i f f e r e n t numbers o f c a l l s w a i t i n g and o f 
t h e w a i t i n g t i m e , and t h e p r o b a b i l i t y o f l o s t c a l l s i n a sys tem a l l o w i n g 
no queue . These methods were d e v e l o p e d under t h e assumpt ions o f P o i s s o n 
i n p u t from u n l i m i t e d s o u r c e s , c o n s t a n t o r e x p o n e n t i a l h o l d i n g t i m e s , 
f u l l a v a i l a b i l i t y , and t h e sys tem b e i n g i n a s t a t e termed " s t a t i s t i c a l 
e q u i l i b r i u m " ( 1 2 , p . 6 ) . 
E r l a n g * s i n i t i a l work i n t h e new f i e l d o f t e l e p h o n y s t i m u l a t e d 
t h e i n t e r e s t o f o t h e r s who c o n t i n u e d t o d e v e l o p t h e t h e o r y f o r more 
c o m p l i c a t e d s i t u a t i o n s o f d i f f e r e n t a r r i v a l p a t t e r n s , s e r v i c e mechanisms, 
and queue d i s c i p l i n e s . A s u c c i n c t h i s t o r y o f t h e p r o g r e s s i n t e l e p h o n y 
and q u e u e i n g - t h e o r y i s p r e s e n t e d i n S a a t y ' s book Elements of Queueing 
Theory ( 1 3 , p . 2 0 - 2 5 ) . One o f t h e more comprehensive t r e a t m e n t s o f t h i s 
t h e o r y i s c o n t a i n e d i n S y s k i ' s b o o k , Introduction to Congestion Theory 
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in Telephone Systems ( 1 5 ) . With r e g a r d t o t h e problem p r e s e n t e d i n t h i s 
t h e s i s , a number o f concept s i n t e l e t r a f f i c t h e o r y are i m p o r t a n t . Of 
p a r t i c u l a r , i n t e r e s t i s the c o n t i n u i n g i n v e s t i g a t i o n o f arrangements in 
echelon and graded multvg'ie systems i n i t i a t e d by R. I . W i l k i n s o n ( 1 9 3 1 ) 
and C. Palm ( 1 9 3 6 ) . Both sys tems i n v o l v e s e r v e r s arranged in o r d e r e d 
groups wherein a demand i s s e r v e d by t h e l o w e s t o r d e r e d group h a v i n g a 
s e r v e r a v a i l a b l e . The s i m p l e s t sys tem o f t h i s t y p e i s t h a t o f " d i v i d e d 
a c c e s s " where t h e r e i s one f i r s t c h o i c e group and an i n f i n i t e s econd 
group . This i n f i n i t e s econd c h o i c e group p r o v i d e d t h e t h e o r e t i c a l b a s i s 
for W i l k i n s o n ' s development of an approx imat ion t e c h n i q u e , known as t h e 
E q u i v a l e n t Random Method, f o r t h e d e s c r i p t i o n o f o v e r f l o w t r a f f i c . This 
procedure "depends upon the f a c t t h a t a g i v e n p a i r o f v a l u e s and V ^ , 
r e p r e s e n t i n g an o v e r f l o w c o r r e s p o n d s t o a p a i r A and R r e p r e s e n t i n g t h e 
input and s i z e o f a s i n g l e group o f s e r v e r s " ( 1 2 , p . 1 2 0 ) . Thi s i s an 
improvement o f t h e approx imat ion where t r a f f i c o v e r f l o w i n g from one p a r t 
o f a grad ing i s r e g a r d e d as b e i n g P o i s s o n d i s t r i b u t e d wi th a p p r o p r i a t e 
mean, and E r l a n g i a n t h e o r y i s then used t o c a l c u l a t e the l o s s ( 1 3 , p . 
3 1 1 ) . 
S t u d i e s on t h e c o n d i t i o n s o f o v e r f l o w have been made by many, 
i n c l u d i n g Palm and T a k a c s . Another a r e a o f s tudy p e r t i n e n t t o t h i s 
t h e s i s problem i s t h a t o f d e f e c t i o n o f d e l a y e d c a l l s . Palm ( 1 9 3 7 ) was 
among t h e f i r s t t o c o n s i d e r d e f e c t i o n s . D. Y . B a r r e r ( 1 9 5 7 ) c o n s i d e r e d 
the problem o f i m p a t i e n t customers who l e a v e t h e queue a f t e r a f i x e d 
w a i t , as i n t h e MDT s y s t e m , and d e r i v e d t h e c o r r e s p o n d i n g q u e u e - l e n g t h 
d i s t r i b u t i o n ( 1 3 , p . 2 8 ) . 
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The p r o b a b i l i t i e s o f s t a t e have been t h e o b j e c t o f most mathe­
m a t i c a l c o n s i d e r a t i o n . The sys tem s t a t e may be d e f i n e d , i n t h e s i m p l e s t 
c a s e s , by t h e number o f busy s e r v e r s ( i n a l o s s s y s t e m ) o r the number o f 
customers w a i t i n g .and b e i n g s e r v e d . Whi l e t h e s e sys tem s t a t e s vary in 
t i m e , pr imary a t t e n t i o n f o r t e c h n i c a l purposes has been p a i d t o p r o b a ­
b i l i t y s t a t e s in s t a t i s t i c a l e q u i l i b r i u m . S t a t i s t i c a l e q u i l i b r i u m i s 
"the c o n d i t i o n in which the s y s t e m ' s p r o b a b i l i s t i c d e s c r i p t i o n i s i n ­
v a r i a n t i n t ime" ( 1 2 , p . 2 2 ) . Th i s s t e a d y s t a t e concept can be a p p l i e d 
s u c c e s s f u l l y t o the busy hour i n t e l e p h o n y — t h e p e r i o d o f g r e a t e s t 
i n t e r e s t . 
Of c e n t r a l importance t o the p r o b a b i l i s t i c t r e a t m e n t o f t r a f f i c 
s o u r c e s and s e r v i c e i s the r e l a t i o n s h i p o f t h e P o i s s o n d i s t r i b u t i o n and 
the n e g a t i v e e x p o n e n t i a l d i s t r i b u t i o n f u n c t i o n : t h e i n t e r v a l o f t ime 
between random a r r i v a l s , as d e s c r i b e d by a P o i s s o n d i s t r i b u t i o n f u n c ­
t i o n , i s e x p o n e n t i a l l y d i s t r i b u t e d ( 7 , 1 2 ) . Without t h e use o f t h e e x p o ­
n e n t i a l d i s t r i b u t i o n e i t h e r i n d e s c r i b i n g i n t e r a r r i v a l t i m e s o r d u r a t i o n 
o f s e r v i c e t i m e s , few "n ice" r e s u l t s have been found m a t h e m a t i c a l l y ( 1 2 , 
p . 4 ) . The s i m p l e s t such t r a f f i c sys tem i n v o l v e s an i n f i n i t e number o f 
s e r v e r s i n s t a t i s t i c a l e q u i l i b r i u m , as f i r s t t r e a t e d by E r l a n g . How­
e v e r , f o r a f i n i t e number o f s e r v e r s c o n s i d e r a t i o n o f t h e s i n g l e s e r v e r 
sys tem i s important i n t h a t i t can s e r v e t o i n t r o d u c e i d e a s and methods 
u s e f u l f o r t h e s e more c o m p l i c a t e d s y s t e m s . 
At t h e h e a r t o f the mathemat i ca l c o n s i d e r a t i o n o f t h e l o s s and 
d e l a y sys t ems are t h e two formulas d e v e l o p e d by E r l a n g , t h e E r l a n g Loss 
Formula and E r l a n g Delay Formula. C o n s i d e r a sys tem where customer 
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a r r i v a l s f o l l o w a P o i s s o n P r o c e s s w i t h r a t e A, s e r v i c e t i m e s a r e e x p o ­
n e n t i a l l y d i s t r i b u t e d wi th mean s e r v i c e t ime u ^ , and customers who f i n d 
none o f t h e s s e r v e r s a v a i l a b l e s i m p l y l e a v e t h e s y s t e m . In s t a t i s t i c a l 
e q u i l i b r i u m , t h e p r o b a b i l i t y o f j busy s e r v e r s i s 
P j = s ( X / ^ / J I ( J - 0 . 1 . . . . . S ) ( 1 ) 
I ( X / u ) k / k ! 
k=0 
= 0 . ( j > s ) 
where ( A / u ) i s the o f f e r e d l o a d , o f t e n denoted by a. The o f f e r e d l o a d 
i s a d i m e n s i o n l e s s q u a n t i t y b u t i s n u m e r i c a l l y e x p r e s s e d i n u n i t s c a l l e d 
erlangs.^ 
In the c a s e o f j = s , t h e formula becomes 
B ( s / a ) = s a S / s l ( 2 ) 
I ( a k / k ! ) 
k=0 
— t h e E r l a n g Loss Formula. B ( s , a ) s t a t e s the p r o b a b i l i t y t h a t a l l s erv ­
e r s are o c c u p i e d and , a c c o r d i n g t o a wel l -known theorem, s i n c e cus tomer 
a r r i v a l s are P o i s s o n , t h i s i s a l s o the p r o b a b i l i t y t h a t an a r r i v a l w i l l 
f i n d t h e sys tem f u l l and t h e r e f o r e be l o s t . F a m i l i e s o f curves showing 
t h e p r o b a b i l i t y o f l o s s , and e q u i v a l e n t l y t h e p r o p o r t i o n o f t ime t h a t 
t 
One e r l a n g = 36 c c s ; 1 ccs = 100 c a l l - s e c o n d s . 
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a l l s e r v e r s are b u s y , f o r v a r i o u s v a l u e s o f a p l o t t e d a g a i n s t f i x e d 
numbers o f s s e r v e r s a r e a v a i l a b l e ( see Cooper ( 5 ) ) . 
The c a r r i e d l o a d a' i s d e f i n e d by 
s - 1 0 0 
a< = I j P + s I P . , ( 3 ) 
j . = l J j = s 3 
I t can be i n t e r p r e t e d as t h e p o r t i o n o f t h e o f f e r e d l o a d t h a t i s no t 
l o s t . In t h e case o f a l o s s s y s t e m , Equat ion ( 3 ) s i m p l i f i e s t o 
a' = a [ l - B ( s , a ) D . ( 4 ) 
These r e s u l t s a r e d i s c u s s e d i n Cooper ( 5 ) . 
For purposes o f measurement, the q u a n t i t y a ' , t h e c a r r i e d l o a d , 
has been q u i t e u s e f u l . For example , measurement o f the l o a d c a r r i e d by 
a group o f t e l e p h o n e o p e r a t o r s i s a c c o m p l i s h e d by a d e v i c e connec ted t o 
t h e incoming trunks c a l l e d a t r a f f i c usage r e c o r d e r (TUR). The l o a d 
c a r r i e d by each o p e r a t o r i s e x p r e s s e d by 
p = 2 l . (5) 
p i s a l s o c a l l e d t h e u t i l i z a t i o n f a c t o r . 
Al though t h e d e r i v a t i o n s o f the above formulae f o r l o s s sys tems 
are u s u a l l y made assuming an e x p o n e n t i a l l y d i s t r i b u t e d s e r v i c e t i m e , 
t h e r e s u l t s are v a l i d f o r any s e r v i c e t ime d i s t r i b u t i o n p r o v i d e d t h e 
input f o l l o w s a P o i s s o n P r o c e s s . However, a r b i t r a r y s e r v i c e t ime 
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d i s t r i b u t i o n s cannot be used when e x p r e s s i n g E r l a n g d e l a y p r o b a b i l i t i e s 
( 5 , p . 6 9 ) . 
In the E r l a n g d e l a y s y s t e m s , an i n f i n i t e number o f w a i t i n g p o s i ­
t i o n s i s assumed, and , s i n c e no customers are l o s t , t h e o f f e r e d l o a d i s 
e q u a l t o the c a r r i e d l o a d . Given a mean s e r v i c e t ime o f u \ the s e r v ­
i c e comple t ion r a t e i s dependent upon the number o f customers i n the 
sy s t em: 
'jU ( j = 0 , l , . . . , s ) 
sy ( j = s , s + l , . . . ) 
( 6 ) 
In a s t a t e o f s t a t i s t i c a l equilibrium,"^" the p r o b a b i l i t y o f a l l s s e r v e r s 
b e i n g busy 
oo s 
7 P. = ± — p ( 0 < a < s ) 
. L i s ! s - a o 
3=s 
( 7 ) 
where 
s - 1 k 
a v a_ a 
k ^ Q k! + ( s - l ) Z ( s - a ) 
- 1 
( 0 < a < s ) ( 8 ) 
i s e x p r e s s e d by t h e E r l a n g d e l a y f o r m u l a , C ( s , a ) = J P. 
t 
I f the offei^ed l o a d a , and i n t u r n t h e c a r r i e d l o a d a T , were 
g r e a t e r than o r e q u a l t o s , t h e r e would be an i n f i n i t e queue and c o n s e ­
q u e n t l y no s t a t i s t i c a l e q u i l i b r i u m d i s t r i b u t i o n ( 5 , p . 7 2 ) . 
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C ( s , a ) = ^ a S / [ ( s - l ) ! ( s - a ) ] ( 0 < a < s ) ( g ) 
I ( a k / k ! ) + a S / [ ( s - l ) ! ( s - a ) ] 
k=0 
I t becomes e v i d e n t i n working w i t h c a s e s o f p r a c t i c a l i n t e r e s t 
t h a t t h e s t a t e e q u a t i o n s can o f t e n be s p e c i f i e d wi th l i t t l e p r o b l e m , 
b u t are no t e a s y t o s o l v e i n c l o s e d form. Another t a c t i c , t h a t o f 
i n d i r e c t s o l u t i o n , sometimes p r o v i d e s means o f s o l u t i o n . Cooper ( 5 , 
p . 1 2 2 ) has o u t l i n e d a method o f c a l c u l a t i n g the l o a d ^ ^ ( ^ c a r r i e d by 
the mth s e r v e r i n a l o s s sy s t em by c o n s i d e r i n g i t as t h e " d i f f e r e n c e 
between t h e l o a d a B ( m - l , a ) o v e r f l o w i n g t h e ( m - l ) t h s e r v e r and the l o a d 
a B ( m , a ) o v e r f l o w i n g the mth s e r v e r " ( 5 , p . 1 2 3 ) , i . e . 
a ^ c c ( m ) = a [ B ( m - l , a ) - B ( m , a ) ] . ( 1 0 ) 
B ( m , a ) i s t h e E r l a n g Loss f o r m u l a . Had t h i s form o f s o l u t i o n n o t been 
d i s c o v e r e d , t h e d i r e c t method would have i n v o l v e d d e t e r m i n i n g t h e d i f ­
f i c u l t d i s t r i b u t i o n P ( i , j . , k ) d e s c r i b i n g the p r o b a b i l i t y o f s e r v e r s b e i n g 
o c c u p i e d . 
Expanding t h e a l t e r n a t e s o l u t i o n t o an E r l a n g De lay sys t em i n ­
v o l v e s s e p a r a t i n g t h e t ime i n t e r v a l s i n t o two m u t u a l l y e x c l u s i v e and 
e x h a u s t i v e s e t s : one when t h e r e are no customers w a i t i n g and t h e o t h e r 
when t h e r e i s a t l e a s t one customer w a i t i n g . S ince t h e b e h a v i o r o f t h e 
sys tem w i t h customers w a i t i n g i s independent o f t h e b e h a v i o r when t h e r e 
are no c u s t o m e r s , i t was shown t h a t the l o a d c a r r i e d by the mth s e r v e r 
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i n a d e l a y system can be c a l c u l a t e d from the formula 
CO 
where p ( s + l , a ) = £ P . , 
j = s + l : 
P. b e i n g t h e e q u i l i b r i u m d i s t r i b u t i o n o f t h e 
number o f customers i n t h e sys tem ( 5 , p . 1 2 4 ) . 
As r e p o r t e d by Cooper ( 5 , p . 1 4 7 ) , P. J . Burke ( 1 9 6 3 , u n p u b l i s h e d ) 
o r i g i n a t e d t h i s i d e a and used i t i n h i s s t u d y , "Economic E n g i n e e r i n g o f 
F l a t - r a t e and M e a s u r e d - r a t e t r u n k s . " In h i s e x a m p l e , t h e f i r s t c h o i c e 
group was f l a t-rate (WATS) l i n e s , and second c h o i c e was m e a s u r e d - r a t e 
(WATS) l i n e s , and i n the c a s e t h a t n e i t h e r was a v a i l a b l e , t h e c a l l s 
would queue wi th an o p e r a t o r u n t i l a l i n e from one o f t h e groups was 
a v a i l a b l e . The o b j e c t i v e was t o e s t a b l i s h t h e o p t i m a l economic mix by 
comparing t h e c o s t s o f v a r i o u s m i x e s . To do s o , Burke c a l c u l a t e d t h e 
l o a d c a r r i e d on the c f l a t - r a t e d trunks and t h e s m e a s u r e d - r a t e t r u n k s , 
v a r y i n g t h e v a l u e s o f c and s . The formula he d e r i v e d t o c a l c u l a t e the 
l o a d on t h e s m e a s u r e d - r a t e l i n e s was 
Burke ' s problem i s c l o s e l y a l i g n e d wi th t h e one o f t h i s t h e s i s ; however , 
t h e r e a r e some major d i f f e r e n c e s . S ince t h e o b j e c t o f t h i s t h e s i s was 
t o deve lop a method t h a t would i d e n t i f y a good mix o f l i n e s f o r a p a r ­
t i c u l a r company and i n v o l v e d a more c o m p l i c a t e d s e t o f a l t e r n a t i v e s than 
B u r k e ' s , i t was f e l t t h a t an a n a l y t i c a l s o l u t i o n b a s e d on Burke ' s 
L(s-) = s 
s + c 
a C ( s + c , a ) + a ( l - - ~ C ( s + c , a ) ) [ B ( c , a ) - B ( s + c , a ) D . ( 1 2 ) 
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f o r m u l a t i o n was not r e a d i l y a p p l i c a b l e . F u r t h e r d e r i v a t i o n s f o r formu­
l a e would be r e q u i r e d t o account f o r t h e graded e f f e c t o f t h e WATS 
z o n e s , and f o r t h e maximum d e l a y t i m e r e q u i r e m e n t . F u r t h e r , i n o r d e r t o 
approximate t h e s t a t e s o f s t a t i s t i c a l e q u i l i b r i u m r e q u i r e d by such 
f o r m u l a e , segments o f a day o f o p e r a t i o n would need t o be a n a l y z e d 
s e p a r a t e l y . C o n s e q u e n t l y , i t was d e c i d e d t h a t t h e b e s t s o l u t i o n o f t h e 
problem c o u l d be made through s i m u l a t i o n o f t h e s y s t e m . 
S i m u l a t i o n Techniques 
L i t e r a t u r e s p e c i f i c t o t h e problem o f s i m u l a t i n g a WATS sys t em t o 
determine t h e o p t i m a l mix o f WATS l i n e s i s s c a r c e . J . K. K l i t z and 
A. W. Mecklenburg o f IBM ( 8 ) d i d a s i m u l a t i o n s t u d y f o r t h a t company 
which they p r e s e n t e d t o t h e 1 9 7 1 A I I E N a t i o n a l Convent ion . T h e i r g o a l 
was i d e n t i c a l t o t h a t o f t h i s t h e s i s : t o deve lop a method o f optimum 
WATS l i n e s e l e c t i o n f o r t h e i r company. "Optimum" here i m p l i e s t h e c o r ­
r e c t number o f WATS l i n e s and combinat ions t o p r o v i d e s p e c i f i e d a c c e p t ­
a b l e s e r v i c e a t minimum c o s t . 
K l i t z and Mecklenberg used b o t h i n t e g e r programming and s i m u l a ­
t i o n t o f i r s t bound the p o s s i b l e combinat ions o f l i n e s , s i m u l a t e u s a g e , 
and then c o s t out t h e a c c e p t a b l e combinat ions w i t h i n t h o s e bounds . 
P h i l l i p s ( 1 1 ) commended t h e s tudy as a " s i n c e r e e f f o r t t o a p p l y sound 
o p e r a t i o n s r e s e a r c h methodology t o t h e s o l u t i o n o f a r e a l w o r l d p r o b ­
l e m . " However, he went on t o say t h a t t h e i n t e g e r programming f o r m u l a ­
t i o n used t o r e s t r i c t t h e p o s s i b l e combinat ions o f l i n e s c o u l d have been 
s u p p l a n t e d by s i m p l e Gauss-Jordan e l i m i n a t i o n p r o c e d u r e s , and c o n s e ­
q u e n t l y was no t a s i g n i f i c a n t a n a l y t i c c o n t r i b u t i o n t o t h e problem. 
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The c o s t f u n c t i o n i n v o l v e d a f i x e d s e r v i c e ( l e a s i n g ) c o s t p l u s a 
Delay C o s t . De lay c o s t was computed a s : 
Delay Cost = ( P r o b a b i l i t y o f T o l l C a l l ) x ( C a l l e r s W a i t i n g ) 
x ( C o s t o f T o l l C a l l ) 
The a u t h o r s ' premise was t h a t t h e c o s t o f a t o l l c a l l r e p r e s e n t s the 
g r e a t e s t expense t h a t can be i n c u r r e d due t o d e l a y . 
F u r t h e r , K l i t z and Mecklenberg s t a t e t h a t the probability o f 
u s i n g t o l l facilities because of delay i s a management p o l i c y . For 
purposes o f s i m u l a t i o n , K l i t z and Mecklenberg i n t e r p r e t e d t h i s manage­
ment p o l i c y as f o l l o w s ( 8 , p . 2 6 8 ) : 
1 . A l l u s e r s would be e x p e c t e d t o w a i t a t l e a s t . 5 h o u r s . 
2 . 20 Per cent o f t h o s e w a i t i n g between . 5 hours and . 7 5 
hours would be c r i t i c a l and n e c e s s i t a t e a t o l l c a l l . 
3 . 60 Per cent o f t h o s e w a i t i n g between . 7 5 and 1 . 0 hours 
may be e x p e c t e d t o p l a c e a t o l l c a l l . 
4 . 80 Per cent o f t h o s e between 1 . 0 and 1 . 5 . 
5 . Everyone w a i t i n g more than 1 . 5 hours s h o u l d use the t o l l 
sy s t em. 
Monte C a r l o S i m u l a t i o n was used in computing d e l a y t i m e . 
The authors then s t a t e d t h e a l g o r i t h m used i n t h e i r s t u d y : 
1 . Compute peak a r r i v a l r a t e s + marg in ; mean a r r i v a l r a t e s . 
2 . S o l v e t h e i n t e g e r LP model f o r upper and lower bound L 
( y i e l d s s e r v i c e c o s t ) . 
3 . S i m u l a t e t h e d e l a y , . . . 
Compute t h e c o s t o f d e l a y . . . 
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5 . Compute L which y i e l d s t h e s m a l l e s t r e d u c t i o n i n s e r v i c e 
c o s t from the p r e v i o u s one. 
6 . Go t o 3 u n t i l the i n c r e m e n t a l i n c r e a s e i n d e l a y c o s t s 
b e g i n s t o f a r exceed t h e i n c r e m e n t a l r e d u c t i o n i n s e r v i c e 
c o s t s . When t h i s o c c u r s a s o l u t i o n has been f o u n d ; o r 
u n t i l t h e l o w e r bound s e r v i c e c o s t has been reached— 
s e l e c t minimum. 
GPSS I I I was i n i t i a l l y used f o r t h e s i m u l a t i o n . L a t e r , t h e 
f i n a l i z e d v e r s i o n was done i n GASP I I , a For tran b a s e d s i m u l a t i o n 
l a n g u a g e . The a u t h o r s r e p o r t e d t h a t i t ran 1 0 - 1 2 t i m e s f a s t e r than 
the GPSS I I I ( 1 1 ) . 
K l i t z and Mecklehberg emphasize t h e v a l u e o f such sys t em a n a l y ­
s i s . They found t h e " i n t u i t i v e methods o f c a l l ass ignment and band 
ass ignment are u s u a l l y n o n - o p t i m a l and-somet imes p o o r . " A l s o , a f t e r 
a n a l y s i s , they recommended t h a t u t i l i z a t i o n o f any WATS band s h o u l d no t 
e x c e e d 80 p e r c e n t ; o t h e r w i s e t h e s e r v i c e r a p i d l y d e t e r i o r a t e s . 
F i n a l l y , K l i t z and. Mecklenberg s p e c u l a t e d t h a t a t o l l c a l l s p i l l ­
o v e r dur ing peak hours might prove e c o n o m i c a l l y more r e a s o n a b l e than 
p r o v i d i n g WATS l i n e s t o accommodate peak hour t r a f f i c . 
t . 
Subsequent c o n v e r s i o n wi th Mr. , K l i t z r e v e a l e d t h a t t h i s s tudy 
r e s u l t e d i n a r e d u c t i o n o f WATS l i n e s from t h e e i g h t recommended by t h e 
Telephone Company t o f i v e , w h i l e r e t a i n i n g an a c c e p t a b l e l e v e l o f 
s e r v i c e . 
S i n c l a i r O i l C o r p o r a t i o n made use o f GPSS S i m u l a t i o n i n model ing 
t h e i r p r i v a t e l i n e communications ne twork . Thi s i s no t a WATS s y s t e m , 
b u t i t does c l o s e l y p a r a l l e l such a s y s t e m . Marvin Ames ( 1 ) r e p o r t e d 
P e r s o n a l Telephone C o n v e r s a t i o n , November, 1 9 7 1 . 
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t h a t S i n c l a i r ' s sys tem i s d i r e c t l y a c c e s s e d by t h e c a l l e r and no queues 
are formed. I f a r e q u i r e d l i n e i s " b u s y , " t h e c a l l e r j u s t keeps d i a l i n g 
u n t i l a c c e s s i s made. Delay t i m e s are e s t a b l i s h e d from t h e amount o f 
t ime between r e t r i e s . I n t e r a r r i v a l t ime i s assumed e x p o n e n t i a l l y d i s ­
t r i b u t e d as i s h o l d i n g t ime on a s u c c e s s f u l c a l l . 
Data on c a l l s were g a t h e r e d v i a an annual survey o f t h e some 2500 
u s e r s o f the intracompany s y s t e m . This data became a p a r t o f t h e Survey 
A n a l y s i s Support Program w h i c h , combined w i t h a Path G e n e r a t i o n Program 
and T r a n s a c t i o n Genera t ion Program, p r o v i d e d an e x t e r n a l s o u r c e o f c a l l s 
f o r t h e GPSS S i m u l a t i o n Program. 
Ames d e t a i l e d t h e methods o f v a l i d a t i o n , p r i m a r i l y comparison t o 
r e a l d a t a , and then r e p o r t e d t h a t a 7 p e r cent improvement was p r o j e c t e d 
f o r sy s t em performance i f the recommendations r e s u l t i n g from t h e s i m u l a ­
t i o n s tudy were implemented. 
James B. Thies ( 1 6 ) used a WATS System S i m u l a t i o n t o i l l u s t r a t e 
t h e p o t e n t i a l o f computer mode l ing and s i m u l a t i o n as a management t o o l . 
This p a r t i c u l a r s i m u l a t i o n r e p r e s e n t s o n l y a s m a l l p a r t ("micro e l e ­
ment") o f a S i m s c r i p t model o f F i e l d E n t e r p r i s e s Educat ion C o r p o r a t i o n 
(Wor ld Book, e t c . ) . Just as was done by K l i t z and Mecklenberg f o r IBM, 
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t h i s model was b u i l t " e n t i r e l y from s c r a t c h . " 
Thies d e f i n e d t h e sys tem and t h e p o t e n t i a l a l t e r n a t i v e s t o be 
t e s t e d . The b a s i c o b j e c t i v e was "to minimize t h e c o s t o f l o n g d i s t a n c e 
t e l e p h o n e communications by b a l a n c i n g t h e c o s t o f ( 1 ) WATS l i n e s , ( 2 ) 
t o l l c a l l s , and ( 3 ) w a i t i n g t ime o f t e l e p h o n e u s e r s . Th ie s r e l a t e d t h e 
t . . 
P e r s o n a l w r i t t e n communicat ion , December 1 , 1 9 7 1 , J . B. T h i e s . 
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c o s t o f w a i t i n g t i m e — d e l a y t i m e — t o o p p o r t u n i t y c o s t . Th i s i s c o n t r a r y 
t o t h e premise o f K l i t z and Mecklenberg t h a t d e l a y t ime I s most expen­
s i v e i n terms o f what a t o l l c a l l would c o s t . T h i e s 1 f o r m u l a t i o n o f t h e 
WATS optimum mix problem more c l o s e l y f o l l o w s t h e o b j e c t i v e s o f t h e 
company under s t u d y h e r e i n than does t h e K l i t z - M e c k l e n b e r g model b e c a u s e 
o f t h e w a i t i n g t i m e / o p p o r t u n i t y c o s t l i n k . A l s o , Th ies used w a i t i n g 
t ime as a v a r i a b l e i n h i s s i m u l a t i o n , w h i l e K l i t z and Mecklenberg d i d 
not vary t h e i r w a i t i n g t i m e c r i t e r i a from t h e i r f i v e - s t a g e company 
p o l i c y i n t e r p r e t a t i o n . 
Once t h e s i m u l a t i o n was r u n , t h e r e p o r t e d v a l i d a t i o n o f the model 
was e x t e n s i v e and t h o r o u g h . Much emphasis was p l a c e d , o f c o u r s e , on 
comparison o f ou tput data wi th r e a l - l i f e d a t a . 
A number o f approaches t o t h e t e c h n i q u e o f p r e s e n t i n g d a t a t o 
management were o u t l i n e d . These i n c l u d e d : 
1 . A p p l y i n g a c o s t f u n c t i o n t o t h e a l t e r n a t i v e s . 
2 . Us ing a Response S u r f a c e t o show s e n s i t i v i t y o f d o l l a r 
c o s t s t o d e c i s i o n v a r i a b l e s . 
3 . P l o t t i n g t i m e - p a t h da ta t o show ( a ) p r o b a b i l i t y o f s u c c e s s 
i n o b t a i n i n g a WATS l i n e , and ( b ) p e r c e n t a g e i d l e t i m e o f 
WATS l i n e s . 
The main t h r u s t o f T h i e s 1 a r t i c l e concerns t h e v a l u e o f s m a l l e r 
sys tem d e s i g n s and a n a l y s e s i n b r e a k i n g ground f o r more e x t e n s i v e m o d e l ­
i n g and a n a l y s i s f o r use i n a i d i n g management d e c i s i o n making. Communi­
c a t i o n w i t h Thies r e v e a l e d t h a t t h e t e c h n i c a l a s p e c t s o f h i s mode l ing 
procedure were d e l e t e d i n the a r t i c l e which appeared i n Financial 
Executive. C o n s e q u e n t l y , t h e power o f t h e p u b l i s h e d r e p o r t l a y i n 
i l l u s t r a t i n g methods o f v a l i d a t i n g and p r e s e n t i n g t e c h n i c a l l y b a s e d 
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a n a l y s i s t o management i n terms t h e y t h e m s e l v e s can r e l a t e t o t h e s i t u ­
a t i o n . S e l l i n g t h e d e c i s i o n - m a k e r s on t h e r e s u l t s o f such a t e c h n i c a l 
a n a l y s i s i s as important as model ing t h e problem—even t o d a y i t i s d i f ­
f i c u l t t o conv ince management t h a t r e s u l t s c o n t r a r y t o t h e i r i n t u i t i o n 
can be and o f t e n are c o r r e c t . 
K a r l I . N o r d l i n g ( 9 ) p r o v i d e s u s e f u l i n f o r m a t i o n on t h e v a r i o u s 
Long D i s t a n c e Te lecommunicat ions s e r v i c e s a v a i l a b l e , as w e l l as t h e i r 
r e l a t i v e c o s t s . He r e i t e r a t e s t h a t optimum s e r v i c e can b e s t be a t t a i n e d 
through sys tem a n a l y s i s . N o r d l i n g ' s c o n t r i b u t i o n t o t h i s t y p e o f a n a l y ­
s i s i s a comparison o f D i r e c t D i a l ( T o l l ) , , measured and f u l l - r a t e WATS, 
and P r i v a t e L ine s e r v i c e (which i s what S i n c l a i r O i l u s e d ) . He i n c l u d e s 
c h a r t s on r a t e s t r u c t u r e s t h a t c o u l d be used t o compare the r e l a t i v e 
c o s t s o f t h e s e a l t e r n a t i v e s . On WATS v e r s u s T o l l , N o r d l i n g conc ludes 
t h a t WATS i s l e s s c o s t l y i f a number o f c a l l r e q u e s t s a r r i v i n g t o g e t h e r 
can be p l a c e d s e q u e n t i a l l y , as from a q u e u e , r a t h e r than s i m u l t a n e o u s l y , 
and i f t h e monthly usage exceeds 50 t o 70 h o u r s . 
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CHAPTER I I I 
THE MODEL 
The R e a l World 
The company under s tudy now o p e r a t e s w i t h a p r i o r i t y sys tem o f . 
WATS l i n e u s a g e . The i n f o r m a t i o n f o r t h e c a l l , i . e . name o f r e q u e s t o r , 
h i s number, area and number t o be c a l l e d , i s taken by an o p e r a t o r and 
r e c o r d e d on a c a l l t i c k e t . I f a l i n e i s a v a i l a b l e and no c a l l i s pend­
i n g , she can immedia te ly p l a c e t h e c a l l . I f a l i n e f o r t h a t zone i s n o t 
a v a i l a b l e , t h e c a l l r e q u e s t i s p l a c e d , i n o r d e r o f p r i o r i t y , w i t h t h e 
o t h e r t i c k e t s w a i t i n g f o r t h o s e l i n e s , and t h e o p e r a t o r in forms t h e 
r e q u e s t o r t h a t she w i l l c a l l him back, when she can a c c e s s a l i n e . 
P r i o r i t y o f the c a l l s i s d e f i n e d i n t h e "Switchboard Standard 
O p e r a t i o n s I n s t r u c t i o n s " p r e p a r e d by t h e t e l e c o m m u n i c a t i o n s s t a f f as 
f o l l o w s : 
1 . Emergency ( f i r e , l i f e o r d e a t h ) . 
2 . P r i o r i t y Bus ines s ( C o r p o r a t e ) , Company P r e s i d e n t , o t h e r 
h i g h rank ing o f f i c i a l s . 
3 . P r i o r i t y Bus ines s ( R l number a s s i g n e d , o r p r o j e c t number 
f o r which p r i o r a p p r o v a l i n w r i t i n g has been g i v e n ) . 
4 . Rout ine C a l l s ( t o be ma in ta ined and p l a c e d i n o r d e r o f 
t ime the c a l l was p l a c e d ) . 
5 . P e r s o n a l C a l l s ( n o t t o be p l a c e d o v e r t h e WATS L i n e s dur ing 
normal duty hours u n l e s s i n s t r u c t e d t o do s o ) . 
In a d d i t i o n , t h e s e i n s t r u c t i o n s s t a t e t h a t " D i r e c t D i s t a n c e D i a l i n g 
(DDD) s h o u l d n o t b e p r a c t i c e d e x c e p t i n extreme workloads dur ing peak 
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t r a f f i c h o u r s . " 
When a l i n e becomes a v a i l a b l e , t h e o p e r a t o r t a k e s t h e n e x t t i c k e t 
i n sequence and t r i e s t o c o n t a c t t h e c a l l i n g p a r t y . Upon r e a c h i n g t h e 
r e q u e s t o r , t h e c a l l i s immedia te ly d i a l e d . I t has been e s t i m a t e d by 
a company r e p r e s e n t a t i v e t h a t 10 p e r c e n t o f t h e t ime the o p e r a t o r c a n ­
n o t l o c a t e t h e c a l l e r . I f h i s e x t e n s i o n i s n o t answered o r i s b u s y , t h e 
o p e r a t o r i s i n s t r u c t e d t o h o l d h i s t i c k e t one c a l l and t r y a g a i n . The 
number o f t imes she t r i e s u n s u c c e s s f u l l y t o c o n t a c t t h e c a l l i n g p a r t y i s 
" s t r i c t l y dependent on t h e p r i o r i t y o f t h e c a l l ( m o s t l y O p e r a t o r j u d g e -
f 
m e n t ) . " I f a secretary answers and t h e caller i s no t available, t h e 
o p e r a t o r l e a v e s a message f o r him t o c a l l back t o p l a c e t h e c a l l . In 
t h e s e c a s e s t h e t i c k e t i s put i n a "hold s t a t u s . " 
A l l the o p e r a t o r s are e x p e c t e d t o s ee t h a t t h e WATS l i n e s are 
u t i l i z e d t o the u t m o s t . This r e s u l t s i n what i s termed an "adapt ive 
t 
p r i o r i t y d e c i s i o n p r o c e s s " in a s s i g n i n g WATS l i n e s t o c a l l r e q u e s t s . 
The l o w e s t r a t e d l i n e t h a t w i l l c a r r y t h e c a l l i s n o r m a l l y t h e c h o i c e , 
but i f i t i s apparent t h a t the w a i t i n g t ime f o r one a r e a i s becoming 
e x c e s s i v e l y more than f o r a h i g h e r r a t e d or "more e x p e n s i v e " z o n e , t h e 
t i c k e t s are s p r e a d t o t h e queues b e f o r e h i g h e r r a t e d zones t o h e l p 
e q u a l i z e d e l a y t ime on the c a l l s . At t h i s t ime t h e company has l i n e s 
from o n l y two zones a v a i l a b l e , Zone 4 and Zone 6 . 
Other t y p e s o f l o n g d i s t a n c e c a l l s p l a c e d from t h i s company are 
S p e c i a l B i l l i n g c a l l s ( b i l l t o a t h i r d number, c r e d i t c a r d , e t c . ) and 
P e r s o n - t o - P e r s o n WATS c a l l s . During a week's survey o f t h e company 
"Switchboard Standard O p e r a t i o n s I n s t r u c t i o n s . " 
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c a l l s , t h e r e were r e p o r t e d 16 S p e c i a l B i l l i n g and 12 P e r s o n - t o - P e r s o n 
WATS c a l l s . Such a s m a l l number o f c a l l s would i n no way a f f e c t s WATS 
usage o r t h e number o f l i n e s needed . 
A more important a s p e c t o f WATS l i n e u t i l i z a t i o n i s t h e number o f 
p e r s o n s who p r e f e r not t o w a i t f o r a WATS l i n e and r e q u e s t t h a t the c a l l 
be p l a c e d on T o l l l i n e s . In t h e " I n s t r u c t i o n s , " such r e q u e s t s , which a r e 
d i s c o u r a g e d , must be r e f e r r e d t o t h e C h i e f O p e r a t o r w i t h an O p e r a t o r 
w i t h an e x p l a n a t i o n o f t h e u r g e n c y . Other f a c t o r s , such as t h e t ime o f 
day and t h e number o f t imes t h e c a l l was p l a c e d i n a "hold s t a t u s " due 
t o the c a l l e r no t b e i n g a v a i l a b l e , a r e supposed to be considered i n 
r e l e a s i n g a t o l l c a l l . In p r a c t i c e , however , a company r e p r e s e n t a t i v e 
r e p o r t e d t h a t " G e n e r a l l y , i f a person had t o w a i t more than t e n minutes 
he would then t a k e the t o l l c a l l . There were a number o f p e r s o n s who 
would n o t w a i t a t a l l . This was about 5 p e r cent and t h e r e were some 
who w a i t e d up t o f o u r hours b e f o r e g o i n g t o l l . " 
A r e c e n t s tudy o f one month's t o l l c a l l b i l l r e v e a l e d t h a t t h e 
t o t a l "unf ixed" c o s t o f t e l e p h o n e l o n g d i s t a n c e s e r v i c e o r WATS sys t em 
s p i l l - o v e r was about $3,600 f o r a p p r o x i m a t e l y 1000 c a l l s . Thi s a v e r a g e s 
t o some 50 c a l l s p e r day s p i l l - o v e r . 
In a d d i t i o n t o t h e o p e r a t o r l i n k i n WATS l i n e u s e , t h e r e e x i s t s 
a d i r e c t , a c c e s s f e a t u r e whereby persons" connected wi th impor tant p r o j ­
e c t s , o r t h o s e i n h i g h e r management can d i a l a code and o b t a i n a WATS 
l i n e i f one i s f r e e . I f a busy s i g n a l i s reached upon d i a l i n g t h e code 
s e v e r a l t i m e s , t h e c a l l i n g p a r t y w i l l u s u a l l y p l a c e h i s r e q u e s t w i th t h e 
o p e r a t o r . There are d i f f e r i n g o p i n i o n s as t o the v a l u e o f a d i r e c t 
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a c c e s s f e a t u r e dur ing b u s i n e s s h o u r s . I t i s c o n v e n i e n t f o r t h e c a l l e r , 
but i t e l u d e s s y s t e m a t i c r e g u l a t i o n o f WATS u s a g e . A l s o , i t becomes i n ­
c o n v e n i e n t f o r the o p e r a t o r who, when ready t o d i a l a number, l o s e s h e r 
l i n e t o someone u s i n g a d i r e c t a c c e s s c o d e . The e f f e c t o f d i r e c t a c c e s s 
w i l l be t e s t e d on s e v e r a l l i n e mixes w i th t h e s i m u l a t i o n program. 
The S i m u l a t i o n 
The t r a n s a c t i o n s i n t h e s i m u l a t i o n are c a l l r e q u e s t s . G e n e r a t i o n 
o f a t r a n s a c t i o n r e p r e s e n t s the c a l l e r p l a c i n g h i s r e q u e s t w i t h t h e 
o p e r a t o r . The i n t e r - a r r i v a l t i m e s between t h e s e c a l l r e q u e s t s have been 
produced f o r t h e s i m u l a t i o n u s i n g an e x p o n e n t i a l d e n s i t y hav ing i t s 
parameters e s t i m a t e d from a c t u a l d a t a compi led by the company f o r t h i s 
s t u d y . I n t e r a r r i v a l d i s t r i b u t i o n parameters vary w i t h b o t h t h e area 
b e i n g c a l l e d and the t ime o f day. 
Unles s a l i n e from the d e s i g n a t e d a r e a i s i m m e d i a t e l y a v a i l a b l e , 
the c a l l r e q u e s t i s p l a c e d i n queue b e f o r e i t s f i r s t c h o i c e group on a 
f i r s t - i n - f i r s t - o u t b a s i s . The c a l l r e q u e s t w i l l no t l e a v e t h e queue 
u n t i l ( 1 ) a l i n e o f the f i r s t c h o i c e group i s a v a i l a b l e and t h e c a l l i s 
c o m p l e t e d , o r ( 2 ) t h e maximum d e l a y t ime i s r e a c h e d . S e v e r a l r o u t e s f o r 
c o m p l e t i n g t h e c a l l a f t e r t h e MDT has been reached are c o n s i d e r e d . I f 
the t ime o f day i s b e f o r e 1 1 : 0 0 a . m . , the t r a n s a c t i o n t r i e s t o use a 
WATS Zone 6 l i n e . S ince Zone 6 covers t h e West Coast which "opens up" 
t h r e e hours l a t e r than the E a s t Coas t due t o t h e t ime d i f f e r e n c e , t r a f ­
f i c f o r t h a t area i s not g e n e r a t e d u n t i l 1 1 : 0 0 a .m. EST. I f a l l Zone 6 
l i n e s are i n u s e , o r i f i t i s p a s t 1 1 : 0 0 a . m . , t h e t r a n s a c t i o n s s e a r c h 
f o r t h e f i r s t a v a i l a b l e l i n e i n a h i g h e r r a t e d z o n e . I f t h a t s e a r c h i s 
29 
n o t s u c c e s s f u l , the c a l l i s immedia te ly comple ted o v e r a t o l l l i n e . 
Complet ion o f a c a l l i s d e f i n e d as the match between a c a l l e r 
and an a v a i l a b l e l i n e , i . e . as soon as t h e c a l l i s d i a l e d on a l i n e , t h e 
c a l l r e q u e s t can be c o n s i d e r e d t e r m i n a t e d . The h o l d i n g t ime f o r the 
c a l l s i m p l y r e g u l a t e s l i n e a v a i l a b i l i t y . In c a s e s where a r e - t r y i s 
n e c e s s a r y due t o busy s i g n a l s , t h e r e - t r y w i l l be c o n s i d e r e d a newly 
g e n e r a t e d c a l l r e q u e s t . S ince no da ta were a v a i l a b l e on how o f t e n t h e 
number d i a l e d was b u s y , o r whether o r n o t the i n t e r a r r i v a l t i m e s d a t a 
i n c l u d e d r e - t r i e s , i t was f e l t t h a t a guess as t o the p r o b a b i l i t y o f 
t h i s o c c u r r e n c e w i t h r e s u l t a n t r e c y c l i n g , would no t enhance t h e 
program's v a l i d i t y . 
The p r o b a b i l i t y o f t h e o p e r a t o r b e i n g unable t o c o n t a c t t h e 
r e q u e s t o r when a l i n e i s f r e e f o r h i s c a l l was i n c l u d e d i n t h e s i m u l a ­
t i o n . Under the p r e s e n t sy s t em i t was e s t i m a t e d t h a t t h i s would o c c u r 
• t . 
10 p e r cent o f the t i m e . The company c o n c u r r e d , however , t h a t i f t h e 
c a l l e r would e x p e c t a c o n n e c t i o n w i t h i n a s p e c i f i e d d e l a y t i m e , t h e 
chances o f h i s l e a v i n g o r o t h e r w i s e b e i n g u n a v a i l a b l e dur ing t h a t t ime 
would be c o n s i d e r a b l y l o w e r . A c c o r d i n g l y , t h e p e r c e n t a g e o f u n a v a i l a ­
b i l i t y has been a d j u s t e d t o 4- p e r cent p r i o r t o r e a c h i n g maximum d e l a y 
t ime (MDT) and 6 p e r cent when MDT has been r e a c h e d . Such c a l l s w i l l 
be a s s i g n e d a h i g h e r p r i o r i t y and r e c y c l e d . 
Each s i m u l a t i o n day runs from 8 : 0 0 a .m. u n t i l t h e c a l l s i n 
p r o g r e s s a t 5 : 0 0 p .m. comple te t h e i r h o l d i n g t i m e . Any c a l l r e q u e s t s 
i n queue a t 5 : 0 0 are e r a s e d . The t ime i n c r e m e n t a t i o n used was o n e - h a l f 
t . 
Bes t e s t i m a t e o f a company r e p r e s e n t a t i v e . 
/ 
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minute (30 seconds; ) . 
D e s c r i p t i o n o f Flow 
S i x p s e u d o - g e n e r a t o r s are used t o g e n e r a t e t h e c a l l r e q u e s t s , 
one f o r each WATS z o n e . Zone 1 c a l l s f o r example a r e c r e a t e d by b l o c k 
1 ( s e e F igure 2 ) . F a c i l i t y 1 1 i s t h e dummy f a c i l i t y o f t h e p s e u d o -
g e n e r a t o r , and t h e i n t e r - a r r i v a l t ime i s computed i n b l o c k 2 1 . B lock 31 
a s s i g n s t h e n a t u r a l WATS zone t o Parameter 2 o f t h e t r a n s a c t i o n s . Thi s 
i s l a t e r used t o determine t h e zones i n t o which t o l l c a l l s a r e made. 
Block 4 1 a s s i g n s t h e f i r s t c h o i c e zone number t o Parameter 5 . Parameter 
5 w i l l vary wi th t h e l i n e mix» but f o r the o r i g i n a l mix o f f i v e Zone 4 
and s i x Zone 6 l i n e s , Zone 1 c a l l s go on a Zone 4 l i n e , so P5 = 4 , 
A l s o f o r Zone 2 , 3 , and 4 , P5 = 4 . For Zones 5 and 6 , P5 = 6 . ' 
B locks 81 and 82 i n combinat ion wi th b l o c k s 9 2 - 9 8 p r o v i d e t h e 
means t o t e s t t h e d i r e c t a c c e s s f e a t u r e . B locks 81 and 82 a s s i g n p r i ­
o r i t i e s , r e t a i n e d i n P 3 , on a l l c a l l r e q u e s t s . I t i s assumed t h a t 60 
p e r cent o f t h e c a l l s o f P r i o r i t y 12 o r g r e a t e r t r y t o d i r e c t l y a c c e s s 
WATS l i n e s . Of t h o s e who d i a l t h e d i r e c t a c c e s s c o d e , some w i l l f i n d 
a l l t h e l i n e s f o r t h a t a r e a ( P 5 ) busy and w i l l then p l a c e t h e c a l l w i t h 
the o p e r a t o r i n t h e normal way , v i a Block 1 4 0 . 
A l l t r a n s a c t i o n s e n t e r S t o r a g e 10 through Block 9 1 . Thi s s t o r a g e 
must be empty b e f o r e s u c c e e d i n g days o f s i m u l a t i o n can commence. A l l 
t r a n s a c t i o n s l e a v e S t o r a g e 10 through Block 450 b e f o r e t e r m i n a t i n g . 
Block 140 adds a l l e n t e r i n g t r a n s a c t i o n s t o a SAVEX c e l l ( a 
s t o r a g e ) de termined by Parameter 2 , t h e n a t u r a l zone number. When a 
c a l l i s c o m p l e t e d , t h e number o f c a l l s r e c o r d e d i n t h e a p p r o p r i a t e s a v e x 
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c e l l i s reduced by 1 , These SAVEX c e l l s a r e sampled e v e r y 15 minutes by 
a t r a n s a c t i o n c r e a t e d i n Block 360 ( s e e Appendix A ) . These samples are 
u s e f u l i n d e t e r m i n i n g which n a t u r a l zone queues are b u i l d i n g up and 
might need more o u t g o i n g WATS l i n e s . 
Block 400 h o l d s t h e c a l l r e q u e s t s in t h e queue s p e c i f i e d by P5 . 
These c a l l s can l e a v e t h e i r queue .by one o f t h e f o l l o w i n g r o u t e s : 
1 . The t i m e o f day i s 5 : 0 0 p .m. and a l l remain ing c a l l 
r e q u e s t s must l e a v e t h e main s t o r a g e 10 and be 
t e r m i n a t e d ( B l o c k 1 4 9 ) . 
2 . A l i n e i n t h e d e s i r e d Zone becomes a v a i l a b l e and t h e 
o p e r a t o r t r i e s t o connect the c a l l e r ( B l o c k 1 5 0 ) . 
3 . The w a i t i n g t i m e iii t h e queue r e a c h e s t h e maximum d e l a y 
t ime and the c a l l r e q u e s t i s r o u t e d t o e i t h e r a h i g h e r 
r a t e d l i n e o r a t o l l l i n e ( B l o c k 1 5 1 ) . 
I f , i n t h e second case a b o v e , a l i n e i s o b t a i n e d t h e r e s t i l l remains a 
4 p e r c e n t chance t h a t t h e c a l l e r i s no t a v a i l a b l e . B locks 157 and 1 5 8 
i n c r e a s e t h e p r i o r i t y on such a c a l l r e q u e s t , count t h e number o f t i m e s 
i t has been t h a t same r o u t e , and r e c y c l e t h e c a l l . In t h e event t h a t 
t h a t t r a n s a c t i o n has been through f o u r t i m e s , i t i s a u t o m a t i c a l l y t e r m i ­
n a t e d . The o t h e r 96 p e r cent o f t h e c a l l r e q u e s t s t h a t o b t a i n a l i n e 
are advanced , h o l d t h e l i n e f o r a t ime computed i n Block 1 6 5 , are t a b u ­
l a t e d i n B lock 3 0 1 , and t e r m i n a t e d i n Block 9 8 . 
The c a l l r e q u e s t s t h a t reach t h e maximum d e l a y t i m e advance t o 
Block 2 2 0 . B e f o r e 1 1 : 0 0 a.m. t h e c a l l s can go on a Zone 6 l i n e i f 
a v a i l a b l e . Otherwise t h e s earch f o r an a v a i l a b l e h i g h e r - z o n e l i n e 
b e g i n s i n B lock 229 and an i n d e x i n g arrangement i s used t o check each 
z o n e . When a l l h i g h e r zone l i n e s have been t r i e d , t h e c a l l i s p l a c e d 
over T o l l l i n e s , B locks 2 4 2 , 2 6 9 , 2 7 0 . The t o l l c a l l s a r e t a b u l a t e d i n 
Figure 2 . Flow Chart o f WATS Line Mix S i m u l a t i o n Program 
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F igure 3 . Flow Chart o f WATS Line Mix S i m u l a t i o n Program 
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F igure 4 . Flow Chart o f WATS Line Mix S i m u l a t i o n Program 
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Block 305 a c c o r d i n g t o P 2 , the n a t u r a l zone number. 
B locks 3 5 0 - 3 5 9 c l o s e t h e board a t 5 : 0 0 p .m. by s h u t t i n g t h e 
g a t e s i n B locks 5 1 - 5 6 . Once S t o r a g e 10 has been v a c a t e d , a l l SAVEX 
c e l l s 1 1 - 1 6 are s e t t o z e r o , t h e t i m e o f day as c o n t a i n e d i n V a r i a b l e 
10 i s a d j u s t e d back t o 0 ( 8 : 0 0 a . m . ) , and t h e b o a r d i s r eopened . 
B locks 354 and 355 t e r m i n a t e the s i m u l a t i o n a f t e r t h e d e s i r e d number o f 
days (K3 = 3 d a y s ) . 
B locks 3 7 1 - 3 7 6 , 3 8 1 - 3 8 6 ( s e e Appendix A ) , d e f i n e t h e s t o r a g e f o r 
Parameter 5 . To i n d i c a t e t h a t t h e r e a r e no l i n e s f o r a p a r t i c u l a r z o n e , 
e . g . Zone 5 , a c a p a c i t y o f l i s a s s i g n e d t o S t o r a g e 5 , and a s i n g l e 
t r a n s a c t i o n i s g e n e r a t e d i n Block 375 which i s h e l d throughout t h e 
e n t i r e s i m u l a t i o n run. i n Block 3 8 5 , S t o r a g e 5 . I f t h e r e are l i n e s i n 
a z o n e , the t r a n s a c t i o n c r e a t e d w i l l have a z e r o a c t i o n t ime, , as i n 
Block 3 8 4 . 
S t a t i s t i c s 
In t h e d i s c u s s i o n o f "Data Input and S i m u l a t o r V a l i d a t i o n " 
Schmidt and T a y l o r ( 1 4 , p . 4 7 9 ) r e c o g n i z e t h r e e c a t e g o r i e s o f v a r i a b l e s : 
d e c i s i o n v a r i a b l e s , pr imary random v a r i a b l e s , and secondary random v a r i ­
a b l e s . D e c i s i o n v a r i a b l e s are d e f i n e d as t h o s e whose "values are com­
p l e t e l y c o n t r o l l e d by p e r s o n n e l w i t h i n t h e s y s t e m . " For e x a m p l e , t h e 
d e c i s i o n v a r i a b l e s i n t h i s case a r e t h e v a r i o u s mixes o f WATS l i n e s 
b e i n g t e s t e d , and t h e 2 - 3 d i f f e r e n t maximum d e l a y t i m e a l t e r n a t i v e s 
b e i n g u s e d . The secondary random v a r i a b l e s are t h o s e whose v a l u e s a r e 
c o m p l e t e l y r e l a t e d t o the v a l u e s o f t h e o t h e r random v a r i a b l e s . In 
t h i s s i m u l a t i o n , t h e s econdary random v a r i a b l e s p r o v i d e t h e i n f o r m a t i o n 
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on which t o b a s e a WATS mix recommendation: t h e number o f t o l l c a l l s 
g e n e r a t e d , t h e average t ime i n queue , p e r c e n t a g e u t i l i z a t i o n o f the 
l i n e s , average d e l a y t i m e , e t c . These a l l are v a l u e s which have been 
c a l c u l a t e d w i t h i n t h e , p r o g r a m . Primary random v a r i a b l e s , as opposed t o 
secondary random v a r i a b l e s , are g e n e r a t e d r a t h e r than c a l c u l a t e d . The 
r a t e o f incoming c a l l r e q u e s t s and t h e s e r v i c e t i m e s on comple ted 
r e q u e s t s are t h e pr imary random v a r i a b l e s i n t h i s s t u d y , and t h e i r 
d i s t r i b u t i o n a l p r o p e r t i e s a r e t o be determined from sample d a t a . 
C a l l a r r i v a l s i n Er lang l o s s and d e l a y sys tems are assumed t o be 
P o i s s o n d i s t r i b u t e d * , i n f a c t , w i t h o u t t h i s assumpt ion few "nice" 
r e s u l t s have been found m a t h e m a t i c a l l y . The p r o b a b i l i t y d i s t r i b u t i o n 
f u n c t i o n o f the P o i s s o n d i s t r i b u t i o n , o r the p r o b a b i l i t y o f x c a l l s 
o c c u r r i n g i n t ime t i s : 
f ( x ) = ( A t ) ? r A > ° ( 1 3 ) 
x! x = 0 , l , . . . 
= 0 o t h e r w i s e 
where A i s the mean a r r i v a l r a t e . P r o p e r t i e s o f t h e P o i s s o n d i s t r i b u ­
t i o n i n c l u d e t h e f a c t t h a t t h e mean and v a r i a n c e are b o t h X t . 
As ment ioned e a r l i e r , t h e r e e x i s t s an impor tant r e l a t i o n s h i p 
between the P o i s s o n d i s t r i b u t i o n and the n e g a t i v e e x p o n e n t i a l d i s t r i b u ­
t i o n : the i n t e r a r r i v a l t ime between a r r i v a l s f o l l o w i n g a P o i s s o n 
p r o c e s s i s e x p o n e n t i a l l y d i s t r i b u t e d . This we l l -known r e l a t i o n s h i p i s 
d e r i v e d by Cox and Smith ( 7 , p . 9 - 1 0 ) i n a p a r t i c u l a r l y i n s t r u c t i v e man­
n e r . The p r o b a b i l i t y d e n s i t y f u n c t i o n o f t h e e x p o n e n t i a l d i s t r i b u t i o n 
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w i t h mean 9 = 1 / A , where X i s t h e mean a r r i v a l r a t e o f t h e c o r r e s p o n d i n g 
P o i s s o n d i s t r i b u t i o n , i s : 
t x i - x / e e>o f l l l . 
g ( x ) = ¥ e x>o ( 1 L ° 
= 0 o t h e r w i s e . 
The mean 9 and v a r i a n c e f o r t h i s d i s t r i b u t i o n a r e a l s o d i r e c t l y r e l a t e d : 
2 . 
t h e v a r i a n c e i s t h e square o f t h e mean, o r 9 . The s e r v i c e t ime d i s t r i ­
b u t i o n o f t h e d u r a t i o n o f t e l e p h o n e c a l l s can a l s o be approximated by 
t h e e x p o n e n t i a l d i s t r i b u t i o n , p a r t i c u l a r l y i f t h e r e a r e a l a r g e r number 
o f customers r e q u i r i n g r e l a t i v e l y s h o r t s e r v i c e t i m e s and a s m a l l e r 
number o f customers whose s e r v i c e t ime i s l o n g e r ( 7 , p . 2 0 ) . However, 
d e p a r t u r e s from t h e e x p o n e n t i a l can be e x p e c t e d from such causes as t h e 
charges p e r 3 minute i n t e r v a l f o r t o l l t r a f f i c ( 3 , p . 4 2 ) . 
The r a t e o f incoming c a l l r e q u e s t s f o r t h e d i f f e r e n t WATS zones 
and t h e d u r a t i o n o f s u c c e s s f u l c a l l s used i n t h e s i m u l a t i o n program were 
d e v e l o p e d from d a t a c o l l e c t e d by t h e company dur ing June , 1 9 7 1 . For 
f i v e days o f t h a t month ( 1 Tuesday , 4 Wednesdays) t h e s w i t c h b o a r d o p e r ­
a t o r s kept a r e c o r d o f t h e number o f minutes between c a l l r e q u e s t s f o r 
each " n a t u r a l " a r e a and t h e h o l d i n g t ime on each "completed" c a l l . 
These d a t a were s u b s e q u e n t l y assembled i n t o f requency d i s t r i b u t i o n s t o 
h e l p i d e n t i f y t h e f u n c t i o n a l d i s t r i b u t i o n s . The f requency d i s t r i b u t i o n 
f o r h o l d i n g t i m e s , f o r e x a m p l e , i s shown i n F igure 6 . I t appears t o 
f o l l o w a n e g a t i v e e x p o n e n t i a l d i s t r i b u t i o n . F u r t h e r i n d i c a t i o n o f i t s 




F igure 6 . Frequency D i s t r i b u t i o n o f S e r v i c e Times Data ( x = 6 . 4 7 ) 
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the sample d a t a . For t h e h o l d i n g t ime d a t a , the sample mean was c a l c u ­
l a t e d t o be 6.4-7 m i n u t e s . The sample v a r i a n c e was 4 - 1 . 3 6 ; t h e square 
o f t h e sample mean i s 4 - 1 . 8 6 . Thus t h e r e l a t i o n s h i p between t h e mean 
and v a r i a n c e o f t h e e x p o n e n t i a l d i s t r i b u t i o n appears t o be s a t i s f i e d 
f o r t h e h o l d i n g t i m e data ( s e e Appendix C f o r c a l c u l a t i o n s ) . 
To show that: t h e data compi led f o r t h i s s t u d y do indeed conform 
t o t h e e x p o n e n t i a l d i s t r i b u t i o n , the Chi -Square G o o d n e s s - o f - F i t t e s t 
was a p p l i e d t o ( 1 ) the i n t e r a r r i v a l t imes by a r e a and ( 2 ) t h e h o l d i n g 
t i m e s . In t e s t i n g f o r t h e c o n f o r m i t y o f t h e i n t e r a r r i v a l t i m e s t o t h e 
e x p o n e n t i a l d i s t r i b u t i o n , t h e data f o r each zone was compi l ed and t e s t e d 
on a whole day b a s i s r a t h e r than by hours o f t h e day . Thi s was n e c e s ­
s a r y because t h e r e were a t t i m e s no t enough data f o r each hour t o 
a c c u r a t e l y t e s t i t s d i s t r i b u t i o n . The r e s u l t s o f t h e Chi -Square t e s t 
are summarized i n Appendix B. The i n t e r a r r i v a l t imes by zone a l l 
t e s t e d out t o t h e . 9 7 5 p e r c e n t a g e p r o b a b i l i t y i n conforming t o t h e 
e x p o n e n t i a l d i s t r i b u t i o n . C o n s e q u e n t l y , the i n t e r a r r i v a l t i m e s were 
g e n e r a t e d e x p o n e n t i a l l y by i n c l u d i n g t h e modi fy ing e x p o n e n t i a l f u n c t i o n 
i n t h e s i m u l a t i o n program. 
Upon i n s p e c t i o n , the i n t e r a r r i v a l t imes e x h i b i t a n o n - s t a t i o n a r y 
mean dur ing t h e day. A c c o r d i n g l y , t h e s e changing means have been 
accommodated i n t h e s i m u l a t i o n program through the use o f Funct ions 2 1 -
26 ( s e e Appendix A ) . Tab le 1 shows t h e v a r i o u s i n t e r a r r i v a l t ime means 
f o r t h e hours o f t h e day. 
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Table 1 . I n t e r a r r i v a l Time Means, 9 
8 am 9 am 10 am 11 am Noon 1 pm 2 pm 3 pm 4 pm 
1 7 6 8 7 8 
2 4 . 5 3 . 5 5 6 4 5 
CO
 
4 . 5 3 . 5 6 . 5 5 . 5 4 . 5 4 
4 2 . 5 3 . 5 2 . 5 3 . 5 2 . 5 3 . 5 
5 00 8 7 1 0 . 5 7 1 1 
6 00 3 3 . 5 3 3 . 5 
The h o l d i n g t i m e s d a t a f o r comple ted c a l l s i n a l l zones were com­
p i l e d on a whole day b a s i s ( 8 : 0 0 a . m . - 5 : 0 0 p . m . ) . The 2060 c a l l s 
sampled y i e l d e d a mean o f 6 . 4 7 m i n u t e s , and the data g e n e r a l l y f o l l o w e d 
t h e e x p o n e n t i a l d i s t r i b u t i o n , as i n d i c a t e d by F igure 6 . D e v i a t i o n s from 
the e x p o n e n t i a l t h a t were s i g n i f i c a n t came a t t h e h o l d i n g t i m e s o f one 
and two m i n u t e s . This can be e x p l a i n e d by t h e f a c t t h a t t h e r e are a 
l a r g e number o f c a l l s t h a t are cut s h o r t because t h e c a l l e d p a r t y i s 
not a v a i l a b l e . Such s h o r t e n e d c a l l s do no t a c c u r a t e l y r e p r e s e n t t r u e 
s u c c e s s f u l c o n v e r s a t i o n t i m e . No z e r o - l e n g t h c a l l s were r e c o r d e d by t h e 
o p e r a t o r s . The h o l d i n g t i m e s a f t e r two minutes do f o l l o w t h e e x p o n e n t i a l 
d i s t r i b u t i o n ( s e e F igure 6 ) , however , and no c o n f l i c t i s seen i n u s i n g 
t h i s d i s t r i b u t i o n t o d e s c r i b e . c a l l h o l d i n g t i m e s i n t h e s i m u l a t o r s i n c e 
c a l l s cut s h o r t due t o t h e u n a v a i l a b i l i t y o f t h e c a l l e d p a r t y a r e 
handled o t h e r w i s e . The r e s u l t s o f t h e Chi Square G o o d n e s s - o f - F i t t e s t 
are summarized i n Appendix. B. 
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In t h e s i m u l a t i o n program, t h e mean t ime has been i n c r e a s e d from 
6 . 4 7 minutes t o 7 . 0 minutes p r i m a r i l y t o account f o r t h e down-time 
e x p e r i e n c e d between c a l l c o n n e c t i o n s . A sampl ing o f c a l l s made by t h e 
company r e v e a l e d t h a t an average o f 20 seconds was used by t h e o p e r a t o r 
t o o b t a i n a l i n e and d i a l t h e d e s i r e d number. S ince t h e u n i t o f t ime i n 
t h e s i m u l a t i o n i s a h a l f - m i n u t e , 7 . 0 minutes seemed t h e b e s t c h o i c e f o r 
t h i s s t a t i o n a r y mean. The down-time between c a l l s and i n c l u s i v e l y t h e 
" u n a v a i l a b l e " t ime f o r t h e l i n e s i s a c c o u n t e d f o r no t o n l y by i n c r e a s i n g 
the sample mean o f 6 . 4 7 t o 7 . 0 m i n u t e s , b u t a l s o by t h e f a c t t h a t t h e 
preponderance o f s h o r t c a l l s ( 1 - 2 m i n u t e s ) in t h e r e a l s i t u a t i o n i s not 
t 
s e p a r a t e l y hand led m t h e s i m u l a t i o n . I t must be remembered t h a t i n 
t h i s s i m u l a t i o n , the h o l d i n g t ime on c a l l s p r o v i d e s t h e means o f r e g u ­
l a t i n g l i n e a v a i l a b i l i t y and as s u c h , t h e importance o f t h e h o l d i n g 
t imes l i e s in t h e need t o make WATS l i n e s u n a v a i l a b l e f o r c e r t a i n p e r i ­
ods o f t ime t o t h e c a l l r e q u e s t s w a i t i n g t o be s e r v e d . T h u s , t h e 
" s e r v i c e " t i m e , i n i t i a l l y approximated by a c t u a l c a l l d u r a t i o n s , becomes 
more than s i m p l y t h e r e p r e s e n t a t i o n o f c a l l h o l d i n g t imes s i n c e i t i n ­
c l u d e s down-time between c a l l c o n n e c t i o n s . 
Al though t h e mean h o l d i n g t i m e o f t h e sample does vary somewhat 
dur ing t h e day f o r each z o n e , t h i s v a r i a t i o n s h o u l d no t be taken a t f a c e 
v a l u e . S ince t h e number o f c a l l s i n t h e sample dur ing each hour o f t h e 
day f o r each zone v a r i e s from 2 c a l l s t o 1 3 4 c a l l s , t h e d a t a f o r a 
t 
" U n s u c c e s s f u l " c a l l s due t o t h e c a l l e d p a r t y n o t b e i n g r e a c h e d 
are s t i l l c o n s i d e r e d c o m p l e t e d . However, r e - t r i e s on such c a l l s are 
assumed t o be newly g e n e r a t e d c a l l r e q u e s t s as i n t h e c a s e o f busy s i g ­
n a l c a l l s . 
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p a r t i c u l a r hour can be d i s t o r t e d s i g n i f i c a n t l y by even one r a t h e r l o n g 
o r s h o r t c a l l . Thus i t was f e l t t h a t t h e s t a t i o n a r y mean t ime o f t h e 
e n t i r e sample o f 2060 c a l l s would be most r e a l i s t i c . 
A long wi th the t h r e e c a t e g o r i e s o f sy s t ems v a r i a b l e s used i n a 
s i m u l a t o r t h e r e a l s o are d e f i n e d sys tems p a r a m e t e r s . These are q u a n t i ­
t i e s which a f f e c t '"the per formance o f t h e s y s t e m , can be p r e d i c t e d wi th 
c e r t a i n t y , but e i t h e r cannot o r w i l l no t be a l t e r e d by t h o s e o p e r a t i n g 
t h e system" ( 1 4 , p . 4 8 2 ) . The sys tems parameters o f t h i s WATS l i n e mix 
problem are t h e f i x e d c o s t o f l e a s i n g t h e u n l i m i t e d usage WATS l i n e s , 
and t h e u n f i x e d c o s t a s s o c i a t e d : w i t h t h e t o l l c a l l s p i l l - o v e r from t h e 
WATS sys t em. The monthly c o s t f o r each i n t e r s t a t e WATS l i n e by zone i s 
shown i n Table 2 . These r a t e s a r e l i s t e d under FCC T a r i f f 259 and were 
e f f e c t i v e February 1 , 1 9 7 0 . The 10 p e r cent f e d e r a l e x c i s e t a x i s i n ­
c l u d e d i n t h e f i g u r e s . W h i l e t h e monthly l e a s e c o s t p e r WATS l i n e i s 
Table 2 . Lease C o s t s f o r WATS L ines from F l o r i d a 
( F u l l S e r v i c e ) t 
Zone Monthly Lease C o s t + + 
1 $ 1 , 1 5 5 . 0 0 
2 1 , 4 8 5 . 0 0 
3 1 , 5 9 5 . 0 0 
4 1 , 7 0 5 . 0 0 
5 1 , 8 1 0 . 0 0 
6 2 , 0 9 0 . 0 0 
FCC T a r i f f 2 5 9 , February 1 , 1 9 7 0 . 
I n c l u d e s 10 per cent F e d e r a l E x c i s e Tax . 
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c o n s t a n t f o r each z o n e , the c o s t o f a t o l l c a l l , v a r y i n g wi th b o t h i t s 
d i s t a n c e from t h e s o u r c e and i t s d u r a t i o n , must be e s t i m a t e d . 
Determining t h e approximate c o s t s f o r t h e t o l l c a l l s p i l l - o v e r 
i n v o l v e d a s s o c i a t i n g l o n g d i s t a n c e t o l l charges wi th t h e WATS zones f o r 
which t o l l c a l l s were d e s i g n a t e d . Long d i s t a n c e t o l l charges a r e 
f i g u r e d on t h e b a s i s o f r a t e s t e p s . For any g iven a r e a code and nnx 
( t h e f i r s t t h r e e d i g i t s o f a t e l e p h o n e number, o f t e n c a l l e d t h e 
"exchange") f o r b o t h t h e c a l l i n g p a r t y and t h e c a l l e d p a r t y , t h e r e i s 
d e f i n e d a r a t e s t e p . The r a t e s t e p then d e s i g n a t e s t h e p r o p e r charge 
t 
f o r the first three minutes o f conversation and t h e charge f o r each 
minute o f c o n v e r s a t i o n t h e r e a f t e r . To determine t h e r a t e s t e p most 
c l o s e l y c o r r e s p o n d i n g t o t h e WATS z o n e s , a l a r g e number ( a f o u r - d a y 
s a m p l i n g ) o f t h e c a l l t i c k e t s w r i t t e n up by t h e s w i t c h b o a r d o p e r a t o r s . 
f o r each c a l l were rev iewed t o form a l i s t o f t h e area codes c a l l e d by 
company e m p l o y e e s . A f t e r o b t a i n i n g t h e r a t e s t e p f o r each a r e a c o d e , 
t h e area codes were s e p a r a t e d a c c o r d i n g t o t h e WATS zone t h e y came 
w i t h i n . T h i s i n t u r n showed the r e l a t i v e d i v i s i o n o f t h e zones by r a t e 
s t e p . Tab le 3 shows t h e r e l a t i o n s h i p between WATS z o n e s , r a t e s t e p s , 
and t h e c o s t o f average t o l l c a l l s . I t a l s o i n c l u d e s t h e average p e r -
minute c o s t o f WATS l i n e s and c o s t o f an average WATS c a l l . 
In computing the t o l l c a l l c o s t , t h e t o l l c a l l s were assumed t o 
be an average o f e i g h t minutes in d u r a t i o n . Al though t h e h o l d i n g t i m e 
on t o l l c a l l s would f o l l o w an e x p o n e n t i a l d i s t r i b u t i o n t h e same as WATS 
t 
During t h e hours o f 8 a . m . - 5 p . m . , the b a s i c charge f o r DDD i s 
f o r t h r e e m i n u t e s , w h i l e between 5 p .m. and 8 a.m. the b a s i c i n i t i a l 
u n i t o f charge i s one minute . 
Table 3 . Long D i s t a n c e T o l l and WATS Charges 
TOLL CHARGES 
Cost f o r Average 
Rate 
F i r s t 
Three 
Each 
A d d ' l 
E ight -
T o l l 
-Minute 
C a l l 
Step Zone Minutes" Minute + 10% Tax 
17 1 $ 1 . 0 0 $ . 3 0 $ 2 . 5 0 $ 2 . 7 5 
18 2 1 . 0 5 . 3 5 2 . 8 0 3 . 0 8 
19 3 , 4 , 5 1 . 1 5 . 3 5 2 . 9 0 3 . 1 9 
20 5 1 . 2 5 . 4 0 3 . 2 5 3 . 5 8 
21 6 1 . 3 5 . 4 5 3 . 6 0 3 . 9 6 
WATS LINE CHARGES 
Cost f o r 
Average Cost E i g h t - M i n u t e C a l l 
Zone p e r Minute 5 " 4 I n c l u d i n g Tax 
1 $ . 1 2 $ . 9 6 
2 . 1 6 1 . 2 8 
CO
 
. 1 8 1 . 4 4 
4 . 1 9 1 . 5 2 
5 . 1 9 1 . 5 2 
6 . 2 4 1 . 9 2 
Rates Courtesy o f Southern B e l l , e f f e c ­
t i v e January 2 2 , 1 9 7 1 . 
"'"Cost f i g u r e d from 80% usage o f WATS 
l i n e s , 9 - h o u r d a y , 21 b u s i n e s s days p e r month. 
Zone 6 l i n e s more r i g h t l y s h o u l d be f i g u r e d on 
a 5 -hour day which would p l a c e t h e p e r - m i n u t e 
c o s t a t $ . 3 5 . 
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c a l l s , i t was f e l t t h a t an average h o l d i n g t ime a p p l i e d t o a l l t h e c a l l s 
would p r o v i d e an adequate i n d i c a t o r o f e x p e c t e d t o t a l c o s t o f t h e t o l l 
c a l l s p i l l - o v e r . . E i g h t minutes was used as a mean r a t h e r than seven t o 
h e l p i n s u r e t h a t the t o l l c a l l c o s t would no t be u n d e r s t a t e d . 
V a l i d a t i o n 
The s i m u l a t o r used i n t h i s s t u d y imposed h y p o t h e t i c a l c o n d i t i o n s 
on the sys tem o f WATS u s a g e , p r i m a r i l y the maximum d e l a y t ime c r i t e r i a 
f o r u s i n g t o l l l i n e s . As a r e s u l t , t h e computer output cannot be t e s t e d 
a g a i n s t r e a l i n f o r m a t i o n a l d a t a on t h e number o f t o l l c a l l s p l a c e d , the 
average w a i t i n g t ime i n the s y s t e m , e t c . Areas which can be compared 
f o r program v a l i d i t y i n c l u d e the number o f c a l l r e q u e s t s g e n e r a t e d p e r 
day ( o r s e v e r a l d a y s ) , and the p e r c e n t a g e o f t o t a l c a l l r e q u e s t s d e s i g ­
n a t e d f o r each z o n e . 
For a l l t h e runs f o r which d a t a are a v a i l a b l e , t h e average 
number o f c a l l s p e r day was o b t a i n e d by s i m p l y d i v i d i n g the t h r e e - d a y 
t o t a l by t h r e e . In a l l c a s e s ( 2 1 r u n s ) t h e d a i l y average f e l l i n t h e 
m i d - t o - u p p e r 700 r a n g e , t h e l o w e s t b e i n g 7 3 4 . 6 7 c a l l s g e n e r a t e d , and 
the h i g h e s t two b e i n g 7 9 4 . 3 3 and 7 7 7 . 6 7 . C o n s i d e r i n g o n l y t h e runs 
employ ing t h e 15 and 20 minute maximum d e l a y t i m e s , t h e l o w e s t average 
number o f c a l l s g e n e r a t e d was 7 4 1 . 3 2 ; the h igh remained t h e same. The 
d i f f e r e n c e s r e s u l t o f c o u r s e from random v a r i a t i o n caused by changes i n 
the program s t a t e m e n t s , s p e c i f i c a l l y the d i f f e r e n t MDT's and d i f f e r e n t 
l i n e m i x e s . The average o f a l l t h e 15 and 20 minute MDT runs ( 1 4 t o t a l ) 
was 7 6 3 . 2 c a l l s p e r day. D e v i a t i o n o f the h igh and low v a l u e s from t h i s 
average was a p p r o x i m a t e l y ± 3 p e r c e n t , i n d i c a t i n g t h a t t h e e f f e c t o f 
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random v a r i a t i o n was no t s i g n i f i c a n t . 
A c t u a l da ta from t h e company r e v e a l t h a t on t h e average 732 c a l l 
r e q u e s t s were made each d a y , o f which a p p r o x i m a t e l y 22 p e r cent were 
t 
r e t r i e s . S ince t h i s s i m u l a t o r c o n s i d e r s r e t r i e s as n e w l y - g e n e r a t e d 
c a l l r e q u e s t s , t h e s e f i g u r e s are c o n s i s t e n t w i t h t h e s i m u l a t i o n r e s u l t s . 
The p e r c e n t a g e o f t o t a l c a l l s t h a t were g e n e r a t e d f o r each 
n a t u r a l zone remained r e l a t i v e l y c o n s t a n t by zone throughout a l l t h e 
computer runs a l s o . On t h e a v e r a g e , t h e breakdown by zone i s shown i n 
Table 4 . A l s o t a b u l a t e d are t h e p e r c e n t a g e s computed from t h e i n t e r -
a r r i v a l t ime and h o l d i n g t ime d a t a . The most pronounced d i f f e r e n c e s 
o c c u r r e d i n g e n e r a t i o n o f c a l l s t o zones 1 and 3 . For Zone 1 , t h i s may 
have been caused by t h e p a u c i t y o f sample da ta f o r t h a t z o n e , and p o s ­
s i b l y a g r e a t e r d e v i a t i o n from t h e e x p o n e n t i a l . For Zone 3 , some o f t h e 
i n t e r a r r i v a l t ime means may have been o v e r s t a t e d . 





I n t e r a r r i v a l 
Time Averages 
B 
S e r v i c e 
Time Averages 
Combined 
A v e r a g e , 
A £ B 
1 11% 6.5% 7.1% 6.9% 
CM
 17 1 7 . 5 1 7 . 1 1 7 . 3 
CO
 18 2 2 . 8 2 3 . 0 2 2 . 9 
4 29 3 0 . 5 3 2 . 2 3 1 . 1 
5 7 7 . 1 5 . 1 6 . 1 
6 18 1 5 . 6 1 5 . 7 , 1 5 . 7 
" R e t r i e s " were not d e f i n e d by t h e company. 
4 8 ' 
In a d d i t i o n t o p r o v i d i n g a means t o compare p e r c e n t a g e s o f c a l l s 
t o each zone a g a i n s t r e a l d a t a , t h e cons tancy o f t h e s i m u l a t e d p e r ­
c e n t a g e s p r o v i d e s f u r t h e r e v i d e n c e t h a t random v a r i a t i o n i n t h e program 
was not s i g n i f i c a n t . Other c o n s i s t e n c e s i n secondary random v a r i a b l e s 
through a l l the r u n s , such as p e r c e n t a g e u t i l i z a t i o n , number o f t o l l 
c a l l s g e n e r a t e d , i n d i c a t e d t h a t random v a r i a t i o n would be i n s i g n i f i c a n t 
i n r e l a t i o n t o t h e d e c i s i o n p r o c e s s e s . 
A d d i t i o n a l v a l i d a t i o n o f t h i s s i m u l a t o r was a c c o m p l i s h e d through 
agreement w i t h company r e p r e s e n t a t i v e s on c h o i c e s o f a l t e r n a t i v e s and 
percentages applied t o certain decision variables. 
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CHAPTER IV """ 
EXPERIMENTATION 
E x p e r i m e n t a l Des ign 
This Monte C a r l o s i m u l a t i o n was d e s i g n e d p r i m a r i l y t o produce 
i n f o r m a t i o n on t h e number o f t o l l c a l l s t h a t would be g e n e r a t e d by 
v a r i o u s mixes f o r i n c l u s i o n i n the c o s t mode l i However, s i n c e t h e 
c o s t o f a sys tem does no t a lways i d e n t i f y t h e most d e s i r a b l e s y s t e m , t h e 
program was d e s i g n e d a l s o t o p r o v i d e i n f o r m a t i o n on d e l a y t i m e s , on 
t o t a l t ime s p e n t i n t h e s y s t e m , u t i l i z a t i o n o f l i n e f a c i l i t i e s , and so 
f o r t h . By comparing t h e s e v a r i a b l e s o f d e l a y , average t i m e s in t h e 
s y s t e m , p e r c e n t a g e u t i l i z a t i o n o f l i n e s i n a z o n e , p e r c e n t a g e s . o f c a l l 
r e q u e s t s t h a t met no d e l a y in o b t a i n i n g l i n e s , e t c . , t h e v a r i o u s l i n e 
mixes can be a n a l y z e d i n terms o f e f f i c i e n c y and usage p a t t e r n s . Such 
a n a l y s i s w i l l i n s u r e t h a t any l i n e mix recommendation w i l l not o n l y 
s a t i s f y t h e requirement o f a more economica l WATS s y s t e m , but w i l l a l s o 
meet t h e demand f o r c o n t i n u e d good t e l e c o m m u n i c a t i o n s s e r v i c e t o the 
u s e r s . 
The v a r i o u s l i n e mixes s i m u l a t e d have been r e p r e s e n t e d i n t h i s 
t e x t by " v e c t o r s " o f s i x d i m e n s i o n s . For e x a m p l e , t h e l i n e mix A which 
c o n t a i n s f i v e Zone 4 l i n e s , s i x . Zone 6 l i n e s , and no l i n e s i n Zones 1 , 
2 , 3 , o r 5 , has a v e c t o r r e p r e s e n t a t i o n o f ( 0 0 0 5 0 6 ) . T a b l e 5 . l i s t s t h e 
l i n e mixes i n v e s t i g a t e d i n t h i s s i m u l a t i o n . 
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Table 5 . D e s i g n a t i o n o f Line Mixes 
D e s i g n a t i o n V e c t o r 
A ( 0 0 0 5 0 6 ) 
B ( 0 0 2 5 0 4 ) 
C ( 0 0 3 4 0 4 ) 
D ( 0 2 2 3 0 4 ) 
E ( 0 2 3 4 0 3 ) 
F ( 0 2 2 3 0 3 ) 
G ( 0 2 2 4 0 3 ) 
Some o f t h e l i n e mixes were a r b i t r a r i l y s e l e c t e d , w h i l e o t h e r s 
were chosen on the b a s i s o f i n f o r m a t i o n p r o v i d e d by the i n i t i a l r u n s . 
Such i n f o r m a t i o n i n c l u d e d which zones were showing t h e l o n g e s t d e l a y 
t imes and c o n s e q u e n t l y more t o l l c a l l s , what t h e l i n e u t i l i z a t i o n f a c ­
tors , w e r e , and how b a l a n c e d the queues were . 
The seven l i n e mixes were run a t t h r e e l e v e l s o f maximum d e l a y 
t i m e : 1 5 , 2 0 , and 30 minutes . . The 15 and 20 minute MDT runs o n l y w i l l 
be p r e s e n t e d here s i n c e t h e 30 minute MDT runs were made f o r i n f o r m a t i o n 
more than f o r purpose o f recommendation. The 30 minute MDT run does not 
a l l o w f o r s h i f t i n g some c a l l r e q u e s t s t o h i g h e r r a t e d l i n e s b e f o r e t h e 
MDT i s r e a c h e d . A r b i t r a r i l y w a i t i n g 30 minutes b e f o r e s p r e a d i n g any 
t i c k e t s t o h i g h e r r a t e d l i n e s which are not b e i n g used v e r y much i s no t 
c o n s i d e r e d a d e s i r a b l e f e a t u r e by t h e company, whereas a 15 o r 20 minute 
d e l a y can be t o l e r a t e d . Of t h e 2 1 runs made, t h e n , o n l y 1 4 w i l l be 
a n a l y z e d h e r e i n . 
The program was w r i t t e n t o s i m u l a t e one day ( 8 : 0 0 a.m. t o 5 : 0 0 
5 1 
p . m . ) o f operat ion . , The t i m e u n i t o f s i m u l a t i o n was chosen t o be a 
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h a l f minute . Us ing g a t e s t o " c l o s e t h e b o a r d , " as d e s c r i b e d i n t h e 
" D e s c r i p t i o n o f F l o w , " t r a n s a c t i o n s ( c a l l r e q u e s t s ) remain ing i n t h e 
sys tem were t e r m i n a t e d a t 5 : 0 0 p .m. ( o r a f t e r 1080 t ime u n i t s o f s imu­
l a t i o n ) each day i f they had no t y e t o b t a i n e d a l i n e . Those c a l l s a l ­
ready on t h e l i n e s were a l l o w e d t o f i n i s h n a t u r a l l y . Once t h e sys tem 
was e m p t i e d , s t a t i s t i c s t h a t i n d i c a t e d the t ime o f day ( V a r i a b l e 1 0 ) o r 
t h a t were t o be cumulated s e p a r a t e l y each day were s e t back t o z e r o . 
In t h i s way, each "day" o f s i m u l a t i o n s t a r t e d as a new day . The number 
o f days s i m u l a t e d can be v a r i e d q u i t e e a s i l y . S ince t h e amount o f com­
p u t e r t ime r e q u i r e d t o p r o c e s s t h e program went up s i g n i f i c a n t l y w i th 
each day s i m u l a t e d , i t was d e c i d e d t o l i m i t t h e s i m u l a t i o n t o t h r e e 
d a y s . The s i m u l a t i o n was n o t i n t e n d e d t o reach a s t e a d y s t a t e c o n d i t i o n 
as t h i s would r e p r e s e n t o n l y t h e peak hours i n s t e a d o f t h e t o t a l day 
c o n d i t i o n s . C o n s e q u e n t l y , t h e r e i t e r a t i o n s o f t h e s i m u l a t i o n were d e ­
s i g n e d t o smooth out random v a r i a t i o n as w e l l as t o d e t e c t problems o f 
s i g n i f i c a n t random v a r i a t i o n r a t h e r than t o produce a s t e a d y s t a t e c o n ­
d i t i o n . 
The Cost Model 
The c o s t e q u a t i o n s used f o r t h i s WATS l i n e mix problem a r e com­
posed o f t h e f i x e d c o s t s o f l e a s i n g t h e p a r t i c u l a r mix o f l i n e s p l u s the 
I n i t i a l l y t h e program was run u s i n g one second as t h e t i m e u n i t . 
For economy o f o p e r a t i o n , t h e t ime u n i t was changed t o o n e - h a l f minute 
(30 s e c o n d s ) . S ince h o l d i n g t ime and i n t e r a r r i v a l t ime d a t a were r e ­
corded i n terms o f m i n u t e s , accuracy was i n no way s a c r i f i c e d by i n ­
c r e a s i n g t h e t i m e u n i t t o a h a l f minute . 
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v a r i a b l e c o s t s o f t o l l c a l l c h a r g e s . S i n c e t h e program s i m u l a t e s t h r e e 
days o f o p e r a t i o n , and an average month y i e l d s 21 working days (Monday-
F r i d a y ) , t h e t o t a l number o f t o l l c a l l s g e n e r a t e d in each zone was mul­
t i p l i e d by 7 in o r d e r t o p r o j e c t t h e t o t a l number o f c a l l s p e r zone p e r 
month. On a monthly b a s i s , t h e n , t h e t o t a l c o s t o f t h e sy s t em f o r each 
mix i ( i = A , B , . . . , G ) can be c a l c u l a t e d from t h e f o r m u l a : 
Y . = L. + B . X . + B 0 X_ + . . . + B_X_ ( 1 5 ) l l 1 1 2 2 6 6 
where i s t h e monthly l e a s e c o s t o f l i n e mix i , X_. i s t h e number o f 
t o l l c a l l s t o Zone j p e r month, and B.. i s t h e average c o s t o f a t o l l 
c a l l t o Zone j ( s e e Tab le 4 ) . In t h e case o f Line Mix A , t h i s formula 
would r e a d : 
Y A = $ 2 1 , 0 7 6 + ( $ 2 . 5 0 ) X + ( . $ 2 . 8 0 ) X 2 + . . . + ( $ 3 . 6 0 ) X 6 ( 1 6 ) 
The t o t a l c o s t o f each l i n e mix would change f o r each maximum d e l a y t i m e 
v a l u e due t o t h e d i f f e r e n t v a l u e s o f X.. t h a t would be g e n e r a t e d . 
The v a l u e o f L f o r each mix i s c a l c u l a t e d from t h e formula 
L = n l C l + n 2 C 2 + n 3 C 3 + n ^ + n ^ + rigCg ( 1 7 ) 
where n, i s t h e number o f l i n e s i n each zone t o be l e a s e d , and C, i s t h e 
k K 
c o s t p e r l i n e i n c l u d i n g f e d e r a l t a x . Tab le 3 l i s t s t h e s e c o s t f i g u r e s . 
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E x p e r i m e n t a l R e s u l t s 
A summary o f t h e number o f t o l l c a l l s g e n e r a t e d by zone o v e r t h e 
t h r e e day s i m u l a t i o n i s g iven i n T a b l e 6 . By a p p l y i n g t h e c o s t f ormula 
(Equat ion ( 1 5 ) ) t o t h e p r o j e c t e d monthly t o l l c a l l f i g u r e s , t h e t o t a l 
monthly c o s t s o f each l i n e mix f o r b o t h maximum d e l a y t i m e v a r i a b l e s 
have been c a l c u l a t e d . These r e s u l t s appear i n T a b l e 7 , and are a l s o 
i l l u s t r a t e d i n a s c e n d i n g o r d e r o f c o s t i n F igure 7 . 
T a b l e 6 . Number o f T o l l C a l l s 
MDT (15) 
Zone A B C D E F G 
1 15 45 34 2 1 17 37 18 
2 22 64 50 26 17 46 5 1 
3 25 55 56 15 0 17 22 
4 57 1 6 12 9 40 1 
5 0 2 2 4 15 15 12 
6 0 17 9 22 50 34 46 
MDT (20) 
1. 9 27 35 14 12 24 15 
2 2 4 4-0 40 23 22 6 4 17 
3 32 43 52 1 1 1 14 9 
4 72 0 2 23 5 26 5 
5 0 2 12 1 9 16 14 
6 0 0 1 1 6 23 36 31 
The b a s e o f comparison i s t h e l i n e mix A , t h e mix employed by t h e 
company a t t h e t ime o f t h i s s t u d y . For t h e 15 minute MDT s e t , o n l y mix 
B shows a h i g h e r t o t a l c o s t than mix A , and f o r t h e 20 minute MDT s e t , 
mix A r e p r e s e n t s t h e h i g h e s t t o t a l c o s t . The mix F i s s l i g h t l y l e s s 
c o s t l y than mix D f o r t h e 15 minute MDT; however , i t s t o l l c a l l c o s t s 
are very h igh which i n d i c a t e s t h a t t h e mix i s n o t s u f f i c i e n t t o hand le 
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the volume o f t r a f f i c . On t h e o t h e r hand , m i x D e x h i b i t s a r e l a t i v e l y 
low t o t a l t o l l c o s t f i g u r e i n b o t h t h e MDT a l t e r n a t i v e s . In t h i s c a s e , 
the t o t a l monthly charge c o u l d be e x p e c t e d t o remain c l o s e r t o t h e f i x e d 
l e a s e charge w i t h s m a l l e r v a r i a t i o n . F u r t h e r , t h e sys tem would n o t 
r e l y s o h e a v i l y on t o l l c a l l s which are much more e x p e n s i v e i n terms 
o f c o s t p e r minute than WATS l i n e s ( s e e T a b l e 3 ) . On t h e b a s i s o f c o s t • 
a l o n e , t h e n , the mix D appears t o be t h e b e s t c h o i c e f o r b o t h MDT a l t e r ­
n a t i v e s . For t h e 15 minute MDT, t h e s a v i n g s o v e r mix A would be a p ­
p r o x i m a t e l y $ 1 7 7 0 p e r month, o r $ 2 1 , 2 4 0 a n n u a l l y . The s a v i n g s f o r t h e 
20 minute MDT would be $2739 monthly. Curiously, the toll c o s t s f o r 
mix A i n c r e a s e d w i t h t h e i n c r e a s e d MDT, w h i l e t h e c o s t d e c r e a s e d f o r 
a l l t h e o t h e r mix a l t e r n a t i v e s . 
T a b l e 7 . Monthly Cos t F i g u r e s by Line Mix 





( 1 5 ) 
MDT 
( 2 0 ) 
MDT 
( 1 5 ) 
MDT 
( 2 0 ) 
A ( 0 0 0 5 0 6 ) $ 2 1 , 0 7 6 $ 2 , 5 9 4 $ 3 , 0 1 3 $ 2 3 , 6 7 0 $ 2 4 , 0 8 9 
B ( 0 0 2 5 0 4 ) 2 0 , 0 7 5 4 , 0 1 4 2 , 3 8 9 2 4 , 0 8 9 2 2 , 4 6 4 
C ( 0 0 3 4 0 4 ) 1 9 , 9 6 5 3 , 4 1 3 3 , 3 2 4 2 3 , 3 7 8 2 3 , 2 8 9 
D ( 0 2 2 3 0 4 ) 19 , 6 3 5 2 , 2 6 9 1 , 7 1 4 2 1 , 9 0 4 2 1 , 3 5 0 
E ( 0 2 3 4 0 3 ) 2 0 , 8 4 5 2 , 6 2 7 1 , 6 8 5 2 3 , 4 7 2 2 2 , 5 3 0 
F ( 0 2 2 3 0 3 ) 1 7 , 5 5 5 4 , 2 7 5 4 , 1 0 4 2 1 , 8 3 0 2 1 , 6 5 8 
G ( 0 2 2 4 0 3 ) 1 9 , 2 5 0 3 , 5 1 2 2 , 1 5 0 2 2 , 7 6 2 2 1 , 4 0 0 
A 
" i n c l u d e s 10% F e d e r a l E x c i s e Tax. 
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15 Minute MDT 20 Minute MDT 
25000-
2 4 0 0 0 -
2 3 0 0 0 -
22.000-
2 1 0 0 0 -









T o t a l Cost 
T o l l Cos t 
~i — i r 1 1 1 r 
A B C D E F G 
T o t a l Cost 
T o l l Cost 
F igure 7 . Cost F igures o f Each Mix i n Ascending Order 
56 
A comparison o f t h e v a r i a b l e s d e s c r i b i n g t h e s e r v i c e a b i l i t y com­
ponents o f t h e mixes r e v e a l e d t h a t mix D shows a low average d e l a y t i m e 
i n t h e l i n e queues,. R e f e r r i n g t o Tab le 8 , t h e average t ime in queue 
o v e r a l l t h e z o n e s , MDT ( 1 5 ) , i s 1 1 . 1 6 t i m e u n i t s , o r 5 . 6 m i n u t e s . A l ­
though mix E shows a 5 . 0 minute a v e r a g e , t h e c l o s e s t p r a c t i c a b l e com­
p e t i t o r i s mix G which shows an average o f 6 . 9 minutes i n queue . These 
average t i m e s are s u p p o r t e d by t h e p e r c e n t a g e o f z e r o e n t r i e s e x p e r i ­
enced a t each " s t o r a g e " o f zone l i n e s ( T a b l e 9 ) . Without c o n s i d e r i n g 
t h e i n f l u e n c e o f z e r o e n t r i e s on t h e average t ime spent i n queue , t h e 
w a i t i n g t ime s t i l l remains l o w , t h e average increase being 1 . 8 1 minutes. 
In b o t h the In Queue Time a v e r a g e s , t h e i n c r e a s e d w a i t i n g t ime f o r t h e 
20 minute MDT a l t e r n a t i v e i s a p p r o x i m a t e l y 1 . 7 5 o v e r a l l . 
Under t h e maximum d e l a y t ime c r i t e r i a f o r u s a g e , i t appears b e s t 
t o t r y f o r r e l a t i v e l y e q u a l p e r i o d s o f d e l a y f o r a l l t h e z o n e s . From 
Table 8 , mix D shows 8 . 8 . , 5 . 5 , 4 . 0 , and 4 . 1 minutes average t ime in 
queue f o r Zones 2 , 3 , 4 , and 6 , r e s p e c t i v e l y , MDT ( 1 5 ) , w h i l e mix G 
shows 9 . 9 , 5 . 8 , 2 . 3 , and 7 . 7 minutes and mix F , 9 . 9 , 4 . 4 , 5 . 1 , and 7 . 8 
m i n u t e s . The o t h e r mixes are much more e r r a t i c . The t i m e spent in 
queue has been f u r t h e r d e s c r i b e d by t h e p e r c e n t a g e s o f c a l l r e q u e s t s 
t h a t were handled w i t h i n i n c r e a s i n g f i v e - m i n u t e i n t e r v a l s ' , as r e p o r t e d 
i n T a b l e s 10 and 1 1 . Once aga in mix D e x h i b i t s r e l a t i v e l y even p e r ­
c e n t a g e s , w i th t h e e x c e p t i o n o f t h e Zone 2 l i n e c a l l s . However, s i n c e 
t h e s i m u l a t o r g e n e r a t e d 4 . 1 p e r cent more Zone 1 c a l l s than might a c t u ­
a l l y be e x p e c t e d , t h e l o a d on Zone 2 l i n e s p r o b a b l y s h o u l d be l e s s . 
Tab le s 10 and 1 1 a l s o i n d i c a t e t h e p e r c e n t a g e s o f c a l l s t h a t were no t 
T a b l e 8 . Average Time i n Queue: A l l E n t r i e s 
MIX 
A B C D E F G 
Zone .15- 20 15 20 15 20 15 20 15 20 1 5
r 20 15 20 
CM
 1 7 . 5 1 2 3 . 5 1 1 7 . 9 2 2 5 . 1 2 1 9 . 9 1 2 6 . 6 7 1 9 . 8 0 2 2 . 1 4 
CO
 2 5 . 6 8 3 3 . 2 3 2 2 . 6 2 3 1 . 1 3 1 0 . 8 9 1 4 . 9 0 3 . 0 6 4 . 1 1 8 . 8 2 1 2 . 7 7 1 1 . 6 8 1 4 . 3 1 
4 2 2 . 3 4 3 0 . 4 0 3 . 2 8 2 . 0 3 5 . 3 2 4 , 2 7 8 . 0 0 1 1 . 65 3 . 87 6 . 1 2 1 0 . 3 4 3 . 1 8 4 . 5 9 4 . 77 
6 1 . 3 2 2 . 1 9 8 . 6 2 9 . 3 6 6 . 4 7 1 0 . 9 5 8 . 1 6 7 . 6 0 1 4 . 9 4 1 5 . 8 5 1 5 . 6 6 1 9 . 9 9 1 4 . 2 8 1 8 . 6 2 
Average 5 . 8 1 8 . 1 5 6 . 2 6 7 . 4 4 5 . 7 4 7 . 7 2 5 . 5 8 7 . 2 0 4 . 9 6 6 . 4 0 6 . 8 4 9 . 0 6 6 . 0 4 7 . 4 5 
*Uni t s a r e i n h a l f - m i n u t e s . 
T a b l e 9 . Percentage o f Zero E n t r i e s 
A B C D E F G 
Zone 15 20 15 20 15 20 15 20 1 5 20 15 20 15 20 
2 1 0 . 8 2 8 . 5 1 1 2 . 1 4 5 . 8 1 1 1 . 7 7 5 . 7 9 9 . 9 4 1 2 . 7 6 
CO
 
2 . 0 6 2 . 7 1 5 . 3 9 2 . 0 9 2 8 . 6 1 2 7 . 3 0 6 3 . 2 7 6 6 . 7 5 3 8 . 5 0 2 6 . 0 0 2 9 . 2 1 2 5 . 8 5 
4 3 . 9 4 1 . 5 2 6 2 . 9 8 6 8 . 8 9 5 0 . 7 0 5 4 . 4 2 3 1 . 7 9 3 6 . 2 4 5 8 . 7 4 5 2 . 7 1 3 3 . 6 8 3 0 . 0 3 4 8 . 9 1 5 7 . 8 7 
6 7 2 . 2 6 6 7 . 2 9 3 2 . 9 1 3 3 . 3 8 4 2 . 2 2 3 2 . 8 2 3 5 . 6 3 4 0 . 9 7 1 3 . 8 2 1 9 . 6 7 1 3 . 3 7 1 4 . 5 5 1 8 . 9 6 1 9 . 3 9 
cn 
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T a b l e 1 0 . Percentages o f C a l l s Handled W i t h i n Time I n t e r v a l s 
15 Minute MDT 
A B C D E F G 
Zone ( 0 0 0 5 0 6 ) ( 0 0 2 5 0 4 ) ( 0 0 3 4 0 4 ) ( 0 2 2 3 0 4 ) ( 0 2 3 4 0 3 ) ( 0 2 2 3 0 3 ) ( 0 2 2 4 0 3 ) 
Within 0-5 Minutes 
2 2 9 . 9 0 3 0 . 5 7 2 5 . 2 1 2 4 . 7 7 
CO
 7 . 6 4 1 3 . 9 9 5 6 . 7 4 8 8 . 0 5 6 5 . 1 2 5 1 . 4 9 
4 1 2 . 1 8 8 7 . 0 2 7 7 . 2 2 6 6 . 6 1 8 5 . 0 2 5 9 . 5 3 8 2 . 5 5 
6 9 7 . 6 3 6 7 . 5 2 7 5 . 3 2 6 4 . 7 5 3 4 . 5 6 3 3 . 4 3 3 8 . 9 0 
Within 5-10 Minutes 
CM
 2 3 . 8 8 1 7 . 3 6 1 6 . 9 2 1 6 . 8 2 
CO
 
1 1 . 3 6 1 4 . 2 7 2 0 . 3 3 9 . 0 7 1 6 . 2 8 2 2 . 5 2 
4 1 7 . 1 3 9 . 1 3 1 5 . 4 4 2 1 . 7 3 9 . 6 9 1 6 . 6 9 1 0 . 4 4 
6 2 . 2 3 1 2 . 9 1 1 3 . 4 6 2 0 . 3 1 2 8 . 6 3 2 7 . 1 7 2 6 . 4 0 
Within 10-15 Minutes 
2 2 4 . 2 3 2 7 . 5 0 2 6 . 7 0 2 8 . 7 5 
3 3 0 . 8 5 3 8 . 6 6 1 1 . 8 2 2 . 8 8 1 0 . 8 5 1 4 . 3 6 
4 4 7 . 3 4 3 . 3 7 5 . 6 2 7 . 9 9 3 . 9 6 1 4 . 7 7 6 . 5 4 
6 . 1 5 1 4 . 8 9 8 . 4 2 1 1 . 4 9 2 5 . 1 1 2 9 . 5 9 2 1 . 9 1 
Within 15-20 Minutes TOLL CALLS AND HIGHER LINES 
2 2 1 . 9 9 2 4 . 5 8 3 1 . 1 8 2 9 . 6 6 
CO
 
5 0 . 1 5 3 3 . 0 8 1 1 . 1 1 0 7 . 7 5 1 1 . 6 3 
4 2 3 . 3 4 . 4 8 1 . 7 2 3 . 6 7 1 . 3 2 9 . 0 1 . 4 7 
6 0 4 . 6 8 2 . 8 1 3 . 4 5 1 1 . 7 1 9 . 8 2 1 2 . 7 8 
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Table 1 1 . Percentage o f C a l l s Completed W i t h i n Time I n t e r v a l s 
20 Minute MDT 
Zone 
A 
( 0 0 0 5 0 6 ) 
B 
( 0 0 2 5 0 4 ) 
C 
( 0 0 3 4 0 4 ) 
D 
( 0 2 2 3 0 4 ) 
E 
( 0 2 3 4 0 3 ) 
F 
( 0 2 2 3 0 3 ) 
G 
( 0 2 2 4 0 3 ) 
0-5 Minutes 
2 1 9 . 4 8 1 9 . 4 7 1 6 . 0 1 3 0 . 0 5 
CO
 7 . 8 4 8 . 6 3 4 5 . 9 1 8 6 . 2 3 5 3 . 7 5 4 6 . 1 4 
4 5 . 5 3 9 3 . 3 2 8 4 . 0 7 6 0 . 6 3 7 6 . 3 6 5 1 . 7 0 8 1 . 3 3 
6 9 1 . 2 2 6 1 . 5 8 ' 6 0 . 4 2 6 8 . 9 9 4 2 . 1 8 3 1 . 6 7 3 6 . 3 0 
5-10 Minutes 
2 1 8 . 3 3 1 4 . 4 4 1 5 . 2 4 1 3 . 7 3 
CO
 6 . 1 3 6 . 9 9 1 9 . 1 1 5 . 1 9 2 1 . 7 5 2 0 . 0 5 




8 . 3 8 1 9 . 7 5 1 3 . 6 6 1 7 . 7 8 1 7 . 4 4 1 7 . 2 6 1 6 . 7 6 
10-15 Minutes 
2 2 4 . 8 8 1 8 . 6 8 1 8 . 1 4 1 6 . 3 2 
CO
 8 . 6 4 1 7 . 2 6 1 3 : 4 0 : 5 . 4 5 8 . 0 0 1 6 . 9 1 




. 4 0 1 3 . 4 9 1 2 . 1 1 8 . 8 2 2 2 . 2 1 1 8 . 9 7 • 1 7 . 9 3 
15-20 Minutes TOLL CALLS AND HIGHER LINES 
2 2 0 . 2 9 2 5 . 2 7 2 5 . 7 6 1 9 . 8 7 
CO
 3 3 . 0 7 3 7 . 8 7 1 4 . 1 4 2 . 8 6 9 . 5 0 1 1 . 3 5 




0 3 . 2 7 1 0 . 0 0 3 . 4 1 1 2 . 8 2 2 1 . 1 1 1 8 . 6 6 
20-25 Minutes 
2 1 7 . 0 2 2 2 . 1 4 2 4 . 8 5 2 0 . 0 3 
3 4 4 . 3 2 2 9 . 2 5 7 . 4 4 . 2 6 7 . 0 0 5 . 5 6 
4 2 0 . 2 3 0 . 3 2 6 . 9 2 1 . 0 5 5 . 8 8 . 7 7 
6 0 1 . 9 1 3 . 8 0 1 . 0 0 5 . 3 7 1 0 . 9 8 1 0 . 3 5 
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Figure 9 . Average Time per E n t r y / A v e r a g e Number i n System 
MDT = 2 0 Minutes 
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a b l e t o a c c e s s t h e i r proper l i n e w i t h i n t h e maximum d e l a y t i m e . A g a i n , 
mix D shows a smoother p r o p o r t i o n than t h e o t h e r mixes as w e l l as lower 
t o t a l p e r c e n t a g e s than mixes G and F. 
The Average Contents o f Queues ( T a b l e 1 2 ) i s ano ther i n d i c a t o r 
o f e x p e c t e d t ime i n queue. I t a l s o s e r v e s t o p o i n t out d i f f e r e n c e s i n 
the two maximum d e l a y t ime a l t e r n a t i v e s , i . e . g e n e r a l l y more c a l l s are 
w a i t i n g t o be hand led a t one t ime w i t h t h e h i g h e r MDT. F i g u r e s 8 and 9 
show another dimension o f t h e r e l a t i o n s h i p between t h e numbers o f 
t i c k e t s i n t h e sys tem and t h e average t ime spent i n t h e s y s t e m , i n c l u d ­
i n g t h e s e r v i c e t i m e , f o r both MDT's. H e r e , t o o , t h e v a r i a b l e s o f mix 
D show i t t o be c o n s i s t e n t w i th a good s e r v i c e sy s t em. 
Table 1 2 . Average Contents o f Queues 
15 Minutes 
A B C D E F G 
Zone ( 0 0 0 5 0 6 ) ( 0 0 2 5 0 4 ) ( 0 0 3 4 0 4 ) ( 0 2 2 3 0 4 ) ( 0 2 3 4 0 3 ) ( 0 2 2 3 0 3 ) ( 0 2 2 4 0 3 ) 
2 3 . 0 7 3 . 5 0 3 . 6 0 3 . 8 4 
CO
 
7 . 8 9 7 . 1 6 1 . 3 9 . 4 1 1 . 0 2 1 . 4 0 
4 1 1 . 3 1 . 6 2 1 . 0 2 1 . 5 1 . 7 9 2 . 1 0 . 8 7 
6 . 2 7 1 . 8 3 1 . 3 8 1 . 9 2 3 . 1 7 2 . 3 1 3 . 0 2 
20 Minutes 
2 4 . 3 1 4 . 6 6 5 . 0 8 4 . 0 8 
CO
 9 . 7 5 1 0 . 3 0 1 . 8 0 . 4 6 1 . 4 8 1 . 7 6 
4 1 4 . 9 3 . 3 7 . 8 1 2 . 1 2 1 . 1 8 2 . 4 7 . 9 2 
. 6 . 4 9 2 . 0 3 2 . 3 4 1 . 6 0 3 . 1 0 4 . 0 7 3 . 8 1 
One o f t h e most u s e f u l v a r i a b l e s i n d e s c r i b i n g t h e sys tem i s t h a t 
o f Average U t i l i z a t i o n ( s e e Table 1 3 ) . These f i g u r e s i n c l u d e the use o f 
l i n e s by lower r a t e d c a l l s . The l o w e s t r a t e d zones f o r a l l t h e mixes 
c o n s i s t e n t l y exceed the 85 p e r cent mark o f h i g h e s t a c c e p t a b l e u s a g e , 
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meaning t h a t few c a l l s would e x p e r i e n c e no d e l a y . However, t h e u t i l i ­
z a t i o n f a c t o r s o f the n e x t h i g h e r l i n e s c o u l d e a s i l y accommodate some 
o f t h a t t r a f f i c , p a r t i c u l a r l y f o r mixes D, E , F , and G. By a l t e r i n g 
t h e usage p o l i c y s o t h a t Zone 1 and 2 c a l l s can be s p r e a d t o Zone 3 
l i n e s b e f o r e r e a c h i n g the MDT, t h e s e u t i l i z a t i o n f a c t o r s might be 
c l o s e l y a l i g n e d . Mix D shows h i g h e r f a c t o r s o f u t i l i z a t i o n than does 
mix G, which i s m a n i f e s t e d i n economy o f o p e r a t i o n . 
T a b l e 1 3 . Average U t i l i z a t i o n 
15 Minutes 
A B 
o D E F G 
Zone ( 0 0 0 5 0 6 ) ( 0 0 2 5 0 4 ) ( 0 0 3 4 0 4 ) ( 0 2 2 3 0 4 ) ( 0 2 3 4 0 3 ) ( 0 2 2 3 0 3 ) ( 0 2 2 4 0 3 ) 
2 . 9 2 2 4 . 9 1 7 8 . 9 0 9 8 . 9 1 3 5 
3 . 9 7 7 3 . 9 6 1 7 . 7 8 3 4 . 5 4 2 2 . 7 1 8 1 . 7 7 2 4 
4 . 9 7 1 1 . 6 6 2 0 . 7 2 6 7 . 8296 . 6 6 8 2 . 8 2 2 6 . 7 1 4 4 
6 . 6 0 2 4 . 7 8 0 8 . 7 5 8 0 . 7 4 2 4 . 8 0 8 7 . 8 4 1 9 . 8 0 2 1 
20 Minutes 
CM
 . 9 4 1 6 . 9 1 7 8 . 9 4 0 9 . 9 1 1 4 
CO
 
. 9 5 8 0 . 9 8 3 6 . 7 8 3 6 . 5 4 2 2 . 8 0 4 2 . 8 2 2 8 
4 . 9 7 7 8 . 6 3 3 5 . 6 9 4 3 . 7 7 2 7 . 6 6 8 2 . 7 7 4 7 . 6 7 0 1 
6 . 6 2 0 1 . 7 9 8 6 . 7 8 0 2 . 7 1 2 6 . 8 0 7 2 . 7 9 34 . 8 0 1 2 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
C o n c l u s i o n s 
The problem o f d e t e r m i n i n g t h e most p r o d u c t i v e mix o f WATS l i n e s 
has been s e p a r a t e d i n t o i n v e s t i g a t i n g two models i n r e l a t i o n t o each 
o t h e r — a mathemat i ca l model and a c o s t model . The mathemat i ca l model i s 
t r e a t e d i n t h e s i m u l a t i o n program and seeks p r i m a r i l y t o determine t h e 
e f f e c t o f v a r i o u s l i n e mixes on t h e number o f t o l l c a l l s g e n e r a t e d 
t h e r e f r o m and t h e r e l a t i v e u t i l i z a t i o n o f t h e d i f f e r e n t zone l i n e s . The 
c o s t model t a k e s the i n f o r m a t i o n on t o l l c a l l o c c u r r e n c e s d e v e l o p e d by 
the s i m u l a t i o n program, computes t h e c o s t a s s o c i a t e d w i t h t h e t o l l c a l l s 
and adds t o i t t h e f i x e d c o s t o f t h e r e s p e c t i v e WATS l i n e mix . Al though 
c o s t c o n s i d e r a t i o n s are o f prime i m p o r t a n c e , i t i s n e c e s s a r y t o e v a l u a t e 
the sys tem on t h e b a s i s o f l i n e u t i l i z a t i o n , a c c e p t a b l e w a i t i n g t i m e 
l i m i t s , p e r c e n t a g e o f t o l l c a l l s p i l l - o v e r , and average t ime a c a l l 
remains i n t h e s y s t e m . In t h e p r e c e d i n g c h a p t e r t h e s e v a r i o u s c r i t e r i a 
were s e t f o r t h f o r compar i son . 
The r e s u l t s o f t h e s i m u l a t i o n program and t h e c o r r e s p o n d i n g c o s t 
model p o i n t t o the recommendation o f l i n e mix D ( 0 2 2 3 0 4 ) . Th i s recom­
mendation h o l d s f o r b o t h maximum d e l a y t i m e s o f 15 and 20 m i n u t e s . The 
d e c i s i o n o f which MDT t o adopt r e s t s w i t h t h e company; t h e y f e e l t h a t 
t h e r e i s a d e f i n i t e c o s t a s s o c i a t e d wi th d e l a y i n o b t a i n i n g a l i n e . The 
d i f f e r e n c e i n c o s t between MDT(15) and MDT(20) i s p r o j e c t e d a t $ 5 5 4 . 0 0 
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p e r month, o r $ 6 , 6 4 8 a n n u a l l y . The average d e l a y t ime v a r i e s l e s s than 
two minutes between t h e two maximum d e l a y t i m e s ( 5 . 6 minutes v e r s u s 7 . 4 
m i n u t e s ) . I t . i s recommended t h a t the 15 minute MDT be t r i e d i n i t i a l l y 
i n o r d e r t o a s c e r t a i n the a c t u a l usage o f t o l l f a c i l i t i e s and , i f n e c e s ­
s a r y , i n c r e a s e the maximum d e l a y t ime t o as much as 20 minutes t o reduce 
t o l l c a l l c o s t s . The important f a c t o r i n making any sys t em workable i s 
t o be sure t h e u s e r s are w e l l in formed o f t h e usage p r o c e d u r e s and 
adhere t o them. 
The D i r e c t A c c e s s f e a t u r e o f t h e s i m u l a t o r was a c t i v a t e d ; how­
e v e r , t h e number of c a l l s t h a t managed t o a c c e s s l i n e s was t o o s m a l l t o 
show any e f f e c t . L a t e r i n f o r m a t i o n from t h e company i n d i c a t e d t h a t 
a p p r o x i m a t e l y 75 D i r e c t A c c e s s c a l l s were e x p e r i e n c e d e v e r y day . Time 
d id not a l l o w a l t e r a t i o n o f the program s t a t e m e n t s t o a c c u r a t e l y s imu­
l a t e t h i s number o f c a l l s . N e v e r t h e l e s s , r e c o g n i z i n g t h a t 75 c a l l s 
r e p r e s e n t o v e r 10 p e r cent o f t h e t o t a l number o f c a l l s a t t e m p t e d d a i l y , 
i t i s b e l i e v e d t h a t such d i r e c t a c c e s s f e a t u r e s h o u l d be a t l e a s t c u r ­
t a i l e d . S ince a minimal d e l a y w i l l be encountered on most c a l l s w i t h 
t h e MDT s y s t e m , t h e advantages and importance o f t h e d i r e c t a c c e s s f e a ­
t u r e c o u l d w e l l be r e s e r v e d f o r a f t e r hours c a l l s o n l y . 
Recommendations 
Recent i n f o r m a t i o n has i n d i c a t e d t h a t t h e c a l l i n g p a t t e r n s a t 
t 
t h i s company'have s h i f t e d somewhat. A sampl ing o f c a l l t i c k e t s from 
t . . 
The sample was composed o f c a l l t i c k e t s f o r n i n e days which were 
s e p a r a t e d and c o u n t e d . 
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t h e month o f September , 1 9 7 2 , r e v e a l e d t h e f o l l o w i n g p e r c e n t a g e s o f 
t r a f f i c t o t h e s i x WATS z o n e s : 
T a b l e 1 4 . Current P e r c e n t a g e s o f 
T r a f f i c t o WATS Zones 
Zone Percentage 
1 6 . 2 
2 1 9 . 3 
CO
 
2 6 . 7 
4 2 6 . 6 
5 5 . 8 
6 1 5 . 5 
In comparison wi th Tab le 4 , most n o t i c e a b l e a r e t h e changes i n volume o f 
t r a f f i c t o Zones 3 cind 4 . This s h i f t i n t r a f f i c f l ow s u p p o r t s t h e case 
f o r p e r i o d i c rev i ew o f t h e t e l e c o m m u n i c a t i o n s s y s t e m , perhaps a n n u a l l y . 
For e x a m p l e , t h e p e r c e n t a g e s above p o i n t toward the a d o p t i o n o f a l i n e 
mix such as mix G ( 0 2 2 4 0 3 ) o r E ( 0 2 3 4 0 3 ) w i th e a r l i e r s p i l l - o v e r i n t o 
Zone 3 and Zone 4 l i n e s . 
S ince i n c e p t i o n o f t h i s s t u d y , t h e company has changed t o a l i n e 
mix o f ( 0 0 2 4 0 4 ) a t a monthly c o s t o f $ 1 8 , 3 7 0 . This i s accompanied by 
some $3600 i n t o l l b i l l s . In o r d e r t o t e s t t h e t r u e e f f e c t i v e n e s s o f 
t h i s m i x , t h e program would need t o be a l t e r e d t o p r o v i d e a lmos t immedi­
a t e s p i l l i n g o v e r o f c a l l r e q u e s t s from Zone 3 l i n e s t o Zone 4 , and Zone 
67 
4 t o Zone 6 r a t h e r than r e q u i r i n g t h e d e l a y o f 15 or 20 m i n u t e s . 
Another change , which i s b e i n g e x p e r i e n c e d n a t i o n w i d e , i s an i n c r e a s e 
i n average d u r a t i o n o f c a l l s . The r e c e n t t o l l b i l l r e p o r t i n g 1000 t o l l 
c a l l s a t a c o s t o f $3600 was s a m p l e d , and t h e average c a l l was found t o 
l a s t t e n m i n u t e s . B e t t e r use o f WATS and lower t o l l c o s t s c o u l d be 
e f f e c t e d by e d u c a t i n g t h e u s e r s i n e f f i c i e n t t e l e p h o n e communicat ion. 
For e x a m p l e , t e l e p h o n e c a l l s s h o u l d . b e p lanned b e f o r e t h e y a r e p l a c e d , 
and t h e c a l l e r s h o u l d be aware o f h i s t e l e p h o n e v o i c e t o t h e p o i n t t h a t 
e v e r y t h i n g he s a y s w i l l be d i s t i n c t and u n d e r s t a n d a b l e . 
This company was hesitant about increasing the number o f zones 
t h a t l i n e s would be l e a s e d from because i t would i n c r e a s e t h e " look-up" 
t ime spent by t h e o p e r a t o r . I t i s s u g g e s t e d t h a t t h e c a l l e r s be 
informed o f t h e WATS zone t h e i r c a l l s are r o u t e d t o , and t h a t they 
r e c o r d t h i s t o in form t h e o p e r a t o r on l a t e r c a l l s . A l s o , i f i t does 
no t a l r e a d y e x i s t , a l i s t o f the area codes and which WATS zone t h e y 
f a l l under s h o u l d be a v a i l a b l e t o t h e o p e r a t o r . 
Due t o t h e t y p e o f data a v a i l a b l e from t h e company, the program 
was somewhat l i m i t e d i n how c l o s e l y i t c o u l d r e p r e s e n t t h e d i f f e r e n t 
e v e n t s i n t e l e c o m m u n i c a t i o n s u s a g e . In t h i s c a s e , much o f t h e d a t a had 
been c o l l e c t e d b e f o r e t h e s i m u l a t o r was d e s i g n e d . The g r e a t e s t problem 
was i n a c c u r a t e l y d e f i n i n g and unders tand ing t h e a l r e a d y c o l l e c t e d d a t a , 
and i n knowing what had been i n c l u d e d or n o t . The s o l u t i o n here would 
be f o r the author t o d e t a i l what da ta s h o u l d be c o l l e c t e d and how i t i s 
t o be r e c o r d e d . A d d i t i o n a l o r d e t a i l e d i n f o r m a t i o n t h a t would have been 
q u i t e u s e f u l i n c l u d e s t h e p e r c e n t a g e o f c a l l s t h a t reached busy s i g n a l s , 
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broken down by zone and t ime o f d a y , and how l o n g such c a l l s were 
d e l a y e d b e f o r e f i n a l l y b e i n g s u c c e s s f u l l y c o m p l e t e d . 
I t would a l s o be h e l p f u l t o have l a r g e r samples o f c a l l s on which 
t o b a s e t h e i r d i s t r i b u t i o n a l p r o p e r t i e s . For e x a m p l e , the r e l a t i v e l y 
s m a l l number o f c a l l s d i r e c t e d t o Zones 1 and 5 i n t h e sample was i n s u f ­
f i c i e n t t o determine t h e i n t e r a r r i v a l d i s t r i b u t i o n by t h e h o u r . During 
some hours the c a l l s seemed more t o be u n i f o r m l y d i s t r i b u t e d than e x p o ­
n e n t i a l l y d i s t r i b u t e d , perhaps b e c a u s e t h e number o f c a l l s sampled was 
fewer than 1 5 . Thi s i n t u r n t h r e a t e n s t h e accuracy o f c a l l r e q u e s t 
g e n e r a t i o n . Another e s s e n t i a l s t a t i s t i c i s t h e number and d i s t r i b u t i o n 
o f c a l l s which were " u n s u c c e s s f u l , " i . e . t h e c a l l e d p a r t y was no t a v a i l ­
a b l e , thus r e q u i r i n g a r e t r y o r r e t u r n c a l l . Such c a l l s s i g n i f i c a n t l y 
a f f e c t e d t h e d i s t r i b u t i o n o f t h e h o l d i n g t imes d a t a , but t h e a c t u a l 
number o f t h e s e c a l l s was no t r e c o r d e d . This i n f o r m a t i o n would p r o b a b l y 
have t o come from t h e c a l l e r s r a t h e r than t h e o p e r a t o r s . 
Some changes i n t h e program would h e l p in e x t r a c t i n g i n f o r m a t i o n . 
S i m u l a t i n g t h r e e days i n each run i n s t e a d o f one day n e c e s s i t a t e d modi­
f i c a t i o n s i n t h e program, whose e f f e c t s were no t i m m e d i a t e l y r e c o g n i z e d 
and a d j u s t e d . ... In- t a b u l a t i n g t h e r e s u l t s f o r t h r e e c o n s e c u t i v e "days , " 
t h e c l o c k t ime was used t o d i v i d e t h e i n t e r v a l s i n t o one-hour p e r i o d s . 
However, t h e t ime s i m u l a t e d a f t e r t h e s w i t c h b o a r d c l o s e d and b e f o r e 8 : 0 0 
a.m. t h e n e x t day caused t h e hours ( 9 , 1 0 , 1 1 , o ' c l o c k ) o f t h e day 
t o f a l l between the upper and l o w e r l i m i t s o f each i n t e r v a l i n t h e 
t a b l e s . V a r i a b l e 10 m o d i f i e d by a m u l t i p l e i n d i c a t i n g s u c c e e d i n g days 
c o u l d be used t o s e p a r a t e t h e t a b u l a t e d v a l u e s by t h e hours o f t h e day . 
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Most s i g n i f i c a n t was t h e e r r o r i n t h e o f f s e t t i m e s f o r Zones 5 
and 6 ( 1 0 : 0 0 a.m. and 1 1 : 0 0 a . m . , r e s p e c t i v e l y ) . The r e s u l t was t h a t 
c a l l s f o r t h e s e a r e a s were g e n e r a t e d a t the b e g i n n i n g o f t h e day f o r 
days two and t h r e e . To c o r r e c t f o r t h i s , any t o l l c a l l s g e n e r a t e d i n 
t h o s e zones dur ing t h e t ime b e f o r e t h o s e zones "open up" were s u b t r a c t e d 
from t h e t o t a l . O t h e r w i s e , the ne t e f f e c t s h o u l d no t s i g n i f i c a n t l y 
a l t e r t h e important d e c i s i o n v a r i a b l e s . The program GENERATE s t a t e m e n t s 
f o r Zones 5 and 6 s h o u l d be changed t o r e a d 
5 Generate V l l 
6 Generate , V12 
where V l l = X19 + 240 and V12 = X19 + 3 6 0 . The v a l u e o f X19 i s t h e 
c l o c k t i m e C l a t t h e b e g i n n i n g o f each s u c c e e d i n g day . 
Each run consumes between 1 . 3 8 minutes and 2 . 4 3 minutes depending 
on t h e c o m p l e x i t y o f the l i n e m i x e s . The v a l u e o f sampl ing the SAVEX 
C e l l s 1 1 - 1 6 which i n d i c a t e how many c a l l s b e f o r e each n a t u r a l zone a r e 
w a i t i n g t o be s e r v e d i s n e g l i g i b l e and i t s o m i s s i o n might reduce t h e 
computer t ime u s e d . 
The program can be e a s i l y changed t o accommodate d i f f e r e n t i n t e r ­
a r r i v a l and h o l d i n g t i m e s , p a r t i c u l a r l y i f t h e e x p o n e n t i a l i s main­
t a i n e d . Changes i n t h e sys tems usage p o l i c y can be e f f e c t e d by c r e a t i n g 
o p p o r t u n i t i e s f o r s h i f t i n g c a l l r e q u e s t s t o h i g h e r r a t e d l i n e s p r i o r t o 
r e a c h i n g t h e MDT. Probably t h e e a s i e s t method would be t o compare queue 
l e n g t h s between zones and t o s h i f t r e q u e s t s when the d i f f e r e n c e i n queue 
l e n g t h reaches a c e r t a i n p o i n t . This cou ld r e s u l t in s l i g h t l y h i g h e r 
u t i l i z a t i o n o f the upper 2 - 3 zone l i n e s . Such a change might a l s o have 
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a b e n e f i c i a l e f f e c t on t h e volume o f t o l l c a l l s g e n e r a t e d . 
Very r e c e n t i n f o r m a t i o n has i n d i c a t e d t h a t WATS r a t e s w i l l r i s e 
a p p r o x i m a t e l y 2 p e r cent s o o n . A r i s e i n t o l l r a t e s i s a l s o e x p e c t e d . 
Again t h i s emphasizes t h e importance and v a l u e o f p e r i o d i c a l l y e v a l u ­
a t i n g and perhaps changing t h e t e l e c o m m u n i c a t i o n s sys tem i n o r d e r t o 




LOC NAME X Y Z SEL NBA NBB MEAN MOD REMARKS F 
JOB 
* WATS SYSTEM SIMULATION, - TICE THESIS ,1972 
* WATS LINE MIX D (022304) 
10 VARIABLE C1-X19 
1 1 VARIABLE X19+240 
12 VARIABLE X19+360 
10 FUNCTION RN1 C24 EXPONENTIAL FUNCTION 
0 0 . 1 .104 .2 .222 .3 .355 .4 .509 .5 .69 
.6 .915 .7 1.2 .75 1.38 .8 1.6 .84 1.8 3 .88 2 . 1 2 
.9 2 .3 .92 2 .52 .94 2 . 8 1 .95 2 .99 .96 3.2 .97 3.5 
.98 3.9 .99 4 .6 .995 5 .3 .996 I 6.2 .999 . 7 .9997 8 21 FUNCTION V10 D5 I A T ZONE 1 
120 1 4 480 12 840 16 960 1 4 1080 16 
22 FUNCTION V10 D6 I A T ZONE 2 
120 10 240 7 360 10 600 12 720 8 1080 1 0 
23 FUNCTION V10 D6 I A T ZONE 3 
120 9 480 7 720 13 840 1 1 960 9 1080 8 
24 FUNCTION V10 D6 I A T ZONE 4 
360 5 600 7 720 5 840 7 960 5 1080 6 
25 FUNCTION . V10 D5 I A T ZONE 5 
480 16 600 14 720 21 840 1 4 1080 22 
26 FUNCTION V10 D4 I A T ZONE 6 
600 6 840 7 960 6 1080 7 
29 FUNCTION RN1 D3 FUNCTION TO ASSIGN PRIORITIES—DIRECT ACCEJ 
0 .93 0 0.9C i 12 1.0 24 1 CAPACITY 1 NO. OF ZONE 1 LINES 
2 CAPACITY 2 NO. OF ZONE 2 LINES 
3 CAPACITY 2 NO. OF ZONE 3 LINES 
4 CAPACITY 3 NO. OF ZONE 4 LINES 
5 CAPACITY 1 NO. OF ZONE 5 LINES 
6 CAPACITY 4 NO. OF ZONE 6 LINES 
10 CAPACITY 1000 
1 TABLE C I 120 120 50 P5 LINE 1 CALLS 
2 TABLE C I 120 120 50 P5 LINE 2 CALLS 
3 TABLE C I 120 120 50 P5 LINE 3 CALLS 
4 TABLE C I 120 120 50 P5 LINE 4 CALLS 
5 TABLE C I 120 120 50 P5 LINE 5 CALLS 
6 TABLE C I 120 120 50 P5 LINE 6 CALLS 
7 TABLE ' C I 120 120 50 NO. CALLS PER HOUR DIRECT ACCE CD TABLE C I 60 60 6 NO. CALLS/30 MIN.LINE 6 PRE--11AM 
9 TABLE C I 120 120 50 CALLS/HR. GOING ON HIGHER LINE 
1 1 TABLE C I 120 120 50 TOLL CALLS ZONE 1 HOUR 
12 TABLE C I 120 120 50 TOLL CALLS ZONE 2 HOUR 
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13 TABLE Cl 120 120 50 TOLL CALLS ZONE 3 HOUR 
14 TABLE Cl 120 120 50 TOLL CALLS ZONE 4 HOUR 
15 TABLE Cl 120 120 50 TOLL CALLS ZONE 5 HOUR 
16 TABLE Cl 120 120 50 TOLL CALLS ZONE 6 HOUR 
22 QTABLE 2 10 10 12 DELAY TIME, QUEUE P5=2 
23 QTABLE 3 10 10 12 DELAY TIME, QUEUE P5=3 
24 QTABLE 4 10 10 12 DELAY TIME, QUEUE P5=4. 
26 QTABLE 6 • 10 10 12 DELAY TIME, QUEUE P5=6 
'* BLOCKS 1 THROUGH 76 GENERATE CALL REQUESTS 
1 GENERATE 0 11 ZONE 1 
2 GENERATE 0 12 ZONE 2 
3 GENERATE 0 13 ZONE 3 
4 GENERATE 0'" 14 ZONE 4 
5 GENERATE : Vll 15 ZONE 5 
6 " GENERATE V12 16 ZONE 6 
11 SEIZE 11 = 21 DUMMY FACILITY 
12 SEIZE 12' 22 DUMMY FACILITY 
13 SEIZE 13 23 DUMMY FACILITY 
14 SEIZE 14 24 DUMMY FACILITY 
15 SEIZE 15. 25 DUMMY FACILITY 
16 SEIZE" 16 26 DUMMY FACILITY 
21 ASSIGN 2 FN21 31 *2 FN10 I A T 
22 ASSIGN 2 FN22 32 *2 FN10 I A T 
23 ASSIGN 2 FN23 33 *2 FN10 I A T 
24 ASSIGN 2 FN24 34 *2 FN10 I A T 
25 ASSIGN 2 FN25 35 *2 FN10 I A T 
26 ASSIGN 2 FN26 36 *2 FN10 I.A T 
31 ASSIGN 2 Kll 41 P2 = REAL ZONE 
32 ASSIGN 2 K12 42 P2 = REAL ZONE 
33 ASSIGN CM K13 43 P2 = REAL ZONE 
34 ASSIGN CM K14 44 P2 = REAL ZONE 
35 ASSIGN 2 K15 45 P2 = REAL ZONE 
36 ASSIGN 2 K16 46 P2 = REAL ZONE 
41 ASSIGN 5 K2 51 P5=ASSIGN LINE 
42 ASSIGN 5 K2 52 P5=ASSIGN LINE 
43 ASSIGN 5 K3 53 P5=ASSIGN LINE 
44 ASSIGN 5 K4 54 P5=ASSIGN LINE 
45 ASSIGN 5 K6 55 P5=ASSIGN LINE 
46 ASSIGN 5 K6 56 P5=ASSIGN LINE 
51 GATE NU10 71 
52 GATE NU10 72 
53 GATE NU10 73 
54 GATE NU10 74 
55 GATE NU10 75 
56 GATE NU10 76 
71 RELEASE 11 91 
72 RELEASE 12 91 
73 RELEASE 13 91 
74 RELEASE 14 91 
75 RELEASE 15 91 
76 RELEASE 16 91 
74 
BLOCKS TO TEST DIRECT ACCESS 
81 ASSIGN 3 FN11 82 
82 PRIORITY *3 92 
93 COMPARE CO G5 K12 .400 94 140 
94 ADVANCE BOTH 96 140 
96 STORE LO 97 
97 TABULATE 7 450 
91 ENTER 10 92 
92 MARK 140 
140 SAVEX *2+ Kl 400 
* QUEUES IN FRONT OF ASSIGNED LINES--P5 DELAY TIME 
400 QUEUE *5 ALL 149 151 
149 COMPARE V10 GE K1080 450 
150 GATE SNF*5 .04 155 157 
155 SAVEX *2- Kl 160 
160 ENTER *5 165 
165 ADVANCE 166 
166 LEAVE *5 301 
301 TABULATE *5 450 
450 LEAVE 10 98 
157 ASSIGN 4+ Kl 158 . 
158 PRIORITY 5 BUFFER BOTH 159 400 
159 COMPARE P4 E K4 450 
! DELAY TIME REACHES MAXIMUM 
151 COMPARE DI G K30 220 
220 ADVANCE BOTH 221 229 
221 COMPARE V10 LE K360 BOTH 250 229 
250 GATE SNF6 .06 252 157 
252 SAVEX *2- Kl 255 
255 STORE 6 303 
303 TABULATE CD 450 
229 ASSIGN 7 P5 230 
230 INDEX 7 1 ALL 240 242 
240 GATE SNF*1 .06 260 157 
260 ENTER *1 261 
261 SAVEX *2- Kl 263 
263 ADVANCE 265 
265 LEAVE *1 304 
304 TABULATE 9 450 
241 COMPARE Pl L K6 243 
243 ASSIGN 7 Pl 244 
244 PRIORITY 10 230 
: CALLS ARE PLACED ON TOLL LINES AFTER MAXIMUM DELAY 
242 ADVANCE .06' 269 157 
269 SAVEX *2- Kl 270 
14 FN10 
P5 LINE FREE 
14 FN10 
14 FN10 




270 ADVANCE 305 14 
305 TABULATE 450 
98 TERMINATE 
350 GENERATE 1080 1 110 281 
281 SAVEX 11 KO 282 
282 SAVEX 12 KO 283 
283 SAVEX 13 KO 284 
284 SAVEX 14 KO 285 
285 SAVEX 15 KO 286 
286 SAVEX 16 KO 351 
351 SEIZE 10 352 
352 GATE SE10 353 
35 3 SAVEX 19 Cl 354 
354 SAVEX 30 + KI BOTH 355 359 
355 COMPARE X30 L K3 356 
356 RELEASE 10 357 
35 7 ADVANCE 281 1080 
359 TERMINATE R 
SAMPLE SAVEX *2 EVERY 15 MINUTES 
360 ORIGINATE 30 50 362 30 
362 PRINT Xll 16 36 3 
363 TERMINATE 
371 GENERATE 0 1 100 381 
372 GENERATE 0 1 100 382 
373 GENERATE 0 1 100 383 
374 GENERATE 0 1 100 384 
375 GENERATE 0 1 100 385 
376 GENERATE 0 1 100 386 
381 STORE 1 98 5500 
382 STORE 2 98 0 
383 STORE 98 0 
384 STORE 4 98 0 
385 STORE 5 9 8 5500 





CHI-SQUARE GOODNESS-OF-FIT TEST 
A p p l i e d t o I n t e r a r r i v a l Times by Zone 
In each zone t h e d i s t r i b u t i o n o f t h e i n t e r a r r i v a l t i m e s data i s 
b e i n g t e s t e d f o r i t s c o n f o r m i t y t o t h e e x p o n e n t i a l d i s t r i b u t i o n . 
The degrees o f freedom are ( k - 2 ) where k i s t h e number o f c l a s s 
~ - A x 
i n t e r v a l s . The e x p e c t e d v a l u e s were c a l c u l a t e d from g(x') = Ae where 
A i s s e t equal, t o 1 / X and X i s t h e average o f t h e o b s e r v e d v a l u e s . 
In a l l c a s e s , t h e l a s t c l a s s i n t e r v a l i s composed o f t h o s e 
i n t e r a r r i v a l t imes whose e x p e c t e d v a l u e s are l e s s than 3 . 0 0 , as s u g ­
g e s t e d by O s t l e ( 1 0 , p . 1 2 7 ) . 
ZONE I Number o f c a l l s o b s e r v e d : 130 
Number o f c l a s s i n t e r v a l s : 1 4 
l e n g t h o f i n t e r v a l : 1 minute ( 1 - 1 3 ) 
17 minutes ( 1 4 ) 
Average a r r i v a l r a t e A: 1 / 7 . 4 minutes = . 1 3 5 
,2 
X 
. 9 5 ( 1 2 ) 
X : 1 8 . 5 3 
2 1 . 0 
ZONE I I Number o f c a l l s o b s e r v e d : 348 
Number o f c l a s s i n t e r v a l s : 16 
l e n g t h o f i n t e r v a l : 1 minute ( 1 - 1 5 ) 
1 1 minutes ( 1 6 ) 




. 9 0 ( 1 4 ) 
1 9 . 2 5 
2 1 . 1 
Number o f c a l l s o b s e r v e d : 4 5 3 
Number o f c l a s s i n t e r v a l s : 
l e n g t h o f i n t e r v a l : 
15 
Average a r r i v a l r a t e A 
x 2 
x 2 
A . 9 5 ( 1 3 ) 
. 9 7 5 ( 1 3 ) 
1 minute ( 1 - 1 4 ) 
9 minutes ( 1 5 ) 
1 / 4 . 1 7 minutes = . 2 4 0 
2 2 . 4 3 
2 2 . 4 
2 4 . 7 
Number o f c a l l s o b s e r v e d : 608 
Number o f c l a s s i n t e r v a l s : 1 1 
].ength o f i n t e r v a l : 1 minute ( 1 - 1 0 ) 
5 minutes ( 1 1 ) 
Average a r r i v a l r a t e A: 1 / 2 . 6 4 minutes = . 3 7 9 
X 2 : 1 5 . 8 8 
X . 9 5 ( 9 ) : 1 6 ' 9 
Number o f c a l l s o b s e r v e d : 1 4 1 
Number o f c l a s s i n t e r v a l s : 13 
l e n g t h o f i n t e r v a l : 1 minute ( 1 - 1 2 ) 
16 minutes ( 1 3 ) 
Average a r r i v a l r a t e A: 1 / 7 . 1 6 minutes = . 1 4 0 
,2 
,,2 
• . 9 7 5 ( 1 1 ) ' 
X : 2 0 . 5 7 
2 1 . 9 
Number o f c a l l s o b s e r v e d : . 
Number o f c l a s s i n t e r v a l s : 
l e n g t h o f i n t e r v a l : 
309 
12 
1 minute ( 1 - 1 1 ) 
5 minutes ( 1 2 ) 
Average a r r i v a l r a t e A: 1 / 3 . 2 3 minutes = . 3 1 0 
X : 1 9 . 6 2 
X . 9 7 5 ( 1 0 ) : 2 0 , 5 
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Summary 
The i n t e r a r r i v a l t ime data f o r each WATS zone o v e r t h e whole day 
conformed t o w i t h i n a l e v e l o f a = . 0 5 t o t h e e x p o n e n t i a l d i s t r i b u t i o n 
as t e s t e d by t h e Chi -Square G o o d n e s s - o f - F i t T e s t . 
A p p l i e d t o Ho ld ing Times Data 
The d i s t r i b u t i o n o f t h e h o l d i n g t imes d a t a as compi l ed on a whole 
day b a s i s i s b e i n g t e s t e d f o r i t s c o n f o r m i t y t o t h e e x p o n e n t i a l d i s ­
t r i b u t i o n . 
— — ux — 
The e x p e c t e d v a l u e s were c a l c u l a t e d from g ( x ) = u e where u i s 
s e t e q u a l t o 1 / x and x i s t h e average h o l d i n g t ime o f t h e o b s e r v e d 
v a l u e s . 
The degrees o f freedom are ( k - 2 ) where k i s t h e number o f c l a s s 
i n t e r v a l s . Except f o r t h e l a s t c l a s s i n t e r v a l , t h e l e n g t h o f each 
i n t e r v a l i s one minute . The l a s t i n t e r v a l i s composed o f c a l l s whose 
h o l d i n g t imes were between 30 and 45 m i n u t e s . 
Number o f c a l l s o b s e r v e d : 2060 
Number o f c l a s s i n t e r v a l s : 30 0 
Average h o l d i n g t ime u: 1 / 6 . 4 7 minutes = . 1 5 5 
X 2 : 1 6 2 . 2 4 
2 
X . 9 9 5 ( 2 8 ) : 5 1 , 0 
D i s c u s s i o n 
Major d e v i a t i o n s from the e x p o n e n t i a l are found a t t h e one and 
two minute i n t e r v a l s . Causes f o r t h e s e d e v i a t i o n s were d i s c u s s e d on 
2 
page 4 1 . S u b t r a c t i n g t h e i r c o n t r i b u t i o n from the X s t a t i s t i c , t h e 
2 
remainder conforms t o the X g g g ^ S ) v a - ^ - u e > 5 1 . 0 , however , as shown below: 
1 6 2 . 2 4 
9 3 . 9 1 1 minute i n t e r v a l 
6 8 . 33 
1 7 . 7 1 2 minute i n t e r v a l 
5 0 . 6 2 
81 
APPENDIX C 
C a l c u l a t i o n s f o r Mean and V a r i a n c e 
o f S e r v i c e Times Data 
Mean x =• •=£ 
n 
2 2 
Variance s 2 = ( Z f x > ' ( z f x > / n 
n - l 
If - n = 2060 
Efx = 1 3 , 3 2 7 
E f x 2 = 1 7 1 , 3 8 5 
x = 6 . 4 7 
x = 4 1 . 8 6 
s 2 = 4 1 . 3 6 
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